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Availability of beams of relativistic" n'eavy-ions at J INK 
(USSR) during the recent years has provided an opportunity to 
investigate the characteristics of carbon- and silicon-
nucleus interactions at 4.5 GeV per nucleon. In the present 
study an attempt has, therefore, been made to glean some 
useful and interesting information regarding the dynamics of 
nucleus-nucleus collisions at relativistic energies by 
analyzing the salient features of 852 and 1024 interactions 
respectively caused by carbon and silicon nuclei in emulsion. 
An introduction about the general characteristics of 
relativistic heavy-ion collisions, classification of the 
interactions into peripheral, quasi-central and central 
collisions, nuclear fragmentation, etc., is presented in 
Chapter I. Details about the theoretical models describing 
the nucleus-nucleus collisions at high energies are also 
given in this chapter. 
Experimental techniques used in the present work are 
described in Chapter II. Details of the stacks used, method 
of scanning, selection criteria, classification of tracks, 
methods of various measurements along with the procedure of 
the target identification are given in this chapter. 
In Chapter III, the results on the interaction mean free 
path of the fragments having charge Z = 2 and its possible 
dependence on the distance from the interaction vertex are 
given. The dependence of the anomalous effect on distance, 
investigated by dividing the interactions into two -^atngories 
in terms of the heavily ionizing particles, H^. namely, Nj^ ^ 6 
and NL > 6 is examined. The existence of th« anomalons has 
also been investigated by dividing their production angles 
into two intervals, i.e. 9 ^ 2* and 9 > 2°. It may be mentioned 
that no clear evidence is obtained for the occurrence of the 
anomalous behaviour over any distance from the point of their 
emission. 
General characteristics of secondary particles produced 
in carbon- and silicon-emulsion interactions are presented in 
Chapter IV. Results of the studies dealing with the 
characteristics of the interactions caused by other 
projectiles having the same beam momentum per nucleon are 
also described in this chapter. 
Multiplicity distribution of grey tracks is observed to 
be appreciably enriched by high multiplicity events with the 
increase of projectile mass. This observation may be 
explained in terms of the predictions of the fire-ball model. 
On the other hand, the multiplicity distribution of black 
tracks is found to be insensitive to the projectile mass. 
B'urthermore, the multiplicity distribution of the 
relativistic charged particles tends to become broader with 
increasing projectile mass. The mean multiplicities of grey 
and shower particles increase linearly with projectile mass 
satisfying the condition <^^> - const. A", where x refers to 
grey or shower particles. But the mean multiplicity of black 
particles is found to remain constant within the limit of 
statistical errors. The inter-correlations amongst the 
different types of charged secondaries have air.o been 
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investigated; the multiplicity correlations of the secondary 
particles have been observed to be of similar nature for 
carbon- and silicon-emulsion interactions. Furthermore, the 
<N_>-Nu, and <N^ j>'Ng correlations are observed to saturate for 
Njj, Ng values around 16 in heavy-ion collisions. However, in 
the case of p-nucleus collisions <Ng>-Njj correlation 
saturates a little earlier than those for nucleus-nucleus 
collisions. 
The compound multiplicity, N^ , (=Ng+Ng), distributions for 
proton-, carbon- and silicon-emulsion interactions have been 
investigated; the distribution is observed to change rapidly 
with increasing projectile mass. Correlations amongst the 
average compound multiplicity, <Nj,> and N^ ^ and N^ are found 
to be of almost similar natures for both proton-nucleus and 
nucleus-nucleus collisions. 
Scaled multiplicity distributions of charged shower 
particles have been examined for both carbon and silicon 
projectiles. A KNO type of scaling is observed to occur in 
the case of nucleus-nucleus collisions. But the distributions 
are observed to be Insensitive to the nature of the 
projectile. Furthermore, a study of the dispersion as a 
function of the average charged particle multiplicity with 
the corresponding average value of the charged particles is 
found to be linear, which in turn, reveals a KNO type of 
scaling behaviour for the distribution. 
An attempt is made to investigate the moments of the 
multiplicity distributions of the relativistic charged 
particles. The values of the central moments are observed to 
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depend strongly on the projectile mass whereas the normalized 
moments are independent of the projectile mass. 
The shapes of the angular distributions of shower, grey 
and black particles do not show up any significant 
peculiarities and the distributions are all alike 
irrespective of the projectile mass. Furthermore, the 
angular distributions of grey and black particles do not 
exhibit abnormal behaviour which may be associated to the 
shock wave phenomenon. 
Multiplicity distributions of the projectile fragments 
having charges Z = 1, 2 and >^ 3 have been investigated; the 
distributions for Z = 1 and >y 3 are found to be strongly 
dependent on the projectile mass. However, the multiplicity 
distributions for Z = 2 fragments do not manifest any 
appreciable change with change in the projectile mass. The 
average multiplicity of the projectile fragments manifests 
weak dependence on the target mass. The value of this 
parameter, however, increases with the increase in the 
projectile mass. The variation of the average multiplicity of 
the projectile fragments with projectile mass is found to 
satisfy the condition <N_> = const. A , where A is the 
projectile mass and oCis the slope constant. 
A detailed discussion about the pseudorapidity of the 
charged shower particles produced in the interactions of 
carbon and silicon nuclei and the rapidity-gap distributions 
are presented in Chapter V. The shapes of the ^-spectra are 
practically similar for both projectiles. But the excess of 
the particles arising due to an increase in the projectile 
mass tend to appear in the central region of the rapidity 
space. It has further been observed that with increasing N-, 
the maxima of the ^-spectra shift towards smaller values of^. 
Incidentally, this observation is in fine agreement with the 
predictions of the coherent tube model. Furthermore, the 
values of < *l > for both projectiles are found to decrease 
monotonically with increasing values of Ng, N^ and Nj^ . 
However, the distribution of the dispersions of the ^ values 
for each event, D(^), shows an appreciable change with the 
change in projectile mass. It has been theoretically 
predicted that the events having D(^) 4: 0.9 involve particle 
production via cluster formation. The number of events having 
D( *( ) ^  0.9 are (70.69±2.19)% and (68.80±2.00)% respectively 
for carbon- and silicon-nucleus interactions. This 
obseirvation clearly establishes the occurrence of 
clusterization in these interactions. Furthermore, the 
variation of <D(*[,)> with the corresponding number of shower 
particles do not show up any appreciable change, except in 
the region of small values of Ng. The results indicate that 
the maxima of the shower width(R) distributions shift towards 
the lower values of R with decreasing projectile mass. This 
indicates that the shower particles are produced at 
relatively larger angles with increasing projectile mass. The 
R-spectra for various Ng-intervals are of similar type. 
Finally, the characteristics of clusters produced in the 
interactions caused by carbon and silicon projectiles are 
investigated. The cluster size is found to be independent of 
VI 
the projectile mass. It has further been observed that the 
contribution of the short-range correlation is comparatively 
much more in comparison to that of the long-range 
correlation. No evidence of the production of heavy clusters 
in carbon- and silicon-emulsion interactions is found in the 
present study. Finally, on the basis of the findings of the 
present study, it has been concluded that the mechanism of 
multi-particle production in nucleus-nucleus and hadron-
nucleus collisions is probably the same. 
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ABSTRACT 
Availability of beams of relativistic heavy-ions at JINR 
(USSR) during the recent years has provided an opportunity to 
investigate the characteristics of carbon- and silicon-
nucleus interactions at 4.5 GeV per nucleon. In the present 
study an attempt has, therefore, been made to glean some 
useful and interesting information regarding the dynamics of 
nucleus-nucleus collisions at relativistic energies by 
analyzing the salient features of 852 and 1024 interactions 
respectively caused by carbon and silicon nuclei in emulsion. 
An introduction about the general characteristics of 
relativistic heavy-ion collisions, classification of the 
interactions into peripheral, quasi-central and central 
collisions, nuclear fragmentation, etc., is presented in 
Chapter I. Details about the theoretical models describing 
the nucleus-nucleus collisions at high energies are also 
given in this chapter. 
Experimental techniques used in the present work are 
described in Chapter II. Details of the stacks used, method 
of scanning, selection criteria, classification of tracks, 
methods of various measurements along with the procedure of 
the target identification are given in this chapter. 
In Chapter III, the results on the interaction mean free 
path of the fragments having charge Z = 2 and its possible 
dependence on the distance from the interaction vertex are 
given. The dependence of the anomalous effect on distance, 
investigated by dividing the interactions into two categories 
in terms of the heavily ionizing particles, Nj^ , namely, U^^ 6 
and NL > 6 is examined. The existence of the anomalons has 
also been investigated by dividing their production angles 
into two intervals, i.e. 0 $ 2* and 9 > 2°. It may be mentioned 
that no clear evidence is obtained for the occurrence of the 
anomalous behaviour over any distance from the point of their 
emission. 
General characteristics of secondary particles produced 
in carbon- and silicon-emulsion interactions are presented in 
Chapter IV. Results of the studies dealing with the 
characteristics of the interactions caused by other 
projectiles having the same besun momentum per nucleon are 
also described in this chapter. 
Multiplicity distribution of grey tracks is observed to 
be appreciably enriched by high multiplicity events with the 
increase of projectile mass. This observation may be 
explained in terms of the predictions of the fire-ball model. 
On the other hand, the multiplicity distribution of black 
tracks is found to be insensitive to the projectile mass. 
Furthermore, the multiplicity distribution of the 
relativistic charged particles tends to become broader with 
increasing projectile mass. The mean roultiplicitiep of grey 
and showor particles increase linearly with projectile mass 
satisfying the condition <Njj> = const. iP, where x refers to 
grey or shower particles. But the mean multiplicity of black 
particles is found to remain constant within the limit of 
statistical errors. The inter-correlations amongst the 
different types of charged secondaries have also been 
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investigated; the multiplicity correlations of the secondary 
particles have been observed to be of similar nature for 
carbon- and silicon-emulsion interactions. Furthermore, the 
<Ng>-N^ and <Njj>-Ng correlations are observed to saturate for 
N^ j, Ng values around 16 in heavy-ion collisions. However, in 
the case of p-nucleus collisions <Ng>-N^ correlation 
saturates a little earlier than those for nucleus-nucleus 
collisions. 
The compound multiplicity, N^ , (=Ng+Ng), distributions for 
proton-, carbon- and silicon-emulsion interactions have been 
investigated; the distribution is observed to change rapidly 
with increasing projectile mass. Correlations amongst the 
average compound multiplicity, <Nj,> and H^ and N^ are found 
to be of almost similar natures for both proton-nucleus and 
nucleus-nucleus collisions. 
Scaled multiplicity distributions of charged shower 
particles have been examined for both carbon and silicon 
projectiles. A KNO type of scaling is observed to occur in 
the case of nucleus-nucleus collisions. But the distributions 
are observed to be insensitive to the nature of the 
projectile. Furthermore, a study of the dispersion as a 
function of the average charged particle multiplicity with 
the corresponding average value of the charged particles is 
found to be linear, which in turn, reveals a KNO type of 
scaling behaviour for the distribution. 
An attempt is made to investigate the moments of the 
multiplicity distributions of the relativistic charged 
particles. The values of the central moments are observed to 
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depend strongly on the projectile mass whereas the normalized 
moments are independent of the projectile mass. 
The shapes of the angular distributions of shower, grey 
and black particles do not show up any significant 
peculiarities and the distributions are all alike 
irrespective of the projectile mass. Furthermore, the 
angular distributions of grey and black particles do not 
exhibit abnormal behaviour which may be associated to the 
shock wave phenomenon. 
Multiplicity distributions of the projectile fragments 
having charges Z = 1, 2 and >, 3 have been investigated; the 
distributions for Z = 1 and >y, 3 are found to be strongly 
dependent on the projectile mass. However, the multiplicity 
distributions for Z = 2 fragments do not manifest any 
appreciable change with change in the projectile mass. The 
average multiplicity of the projectile fragments manifests 
weak dependence on the target mass. The value of this 
parameter, however, increases with the increase in the 
projectile mass. The variation of the average multiplicity of 
the projectile fragments with projectile mass is found to 
satisfy the condition <^z^ = const. A , where A is the 
projectile mass and o( is the slope constant. 
A detailed discussion about the pseudorapidity of the 
charged shower particles produced in the interactions of 
carbon and silicon nuclei and the rapidity-gap dLstributions 
are presented in Chapter V. The shapes of the "^-spectra are 
practically similar for both projectiles. But the excess of 
the particles arising due to an increase in the projectile 
mass tend to appear in the central region of the rapidity 
space. It has further been observed that with increasing Ng, 
the maxima of the ^-spectra shift towards smaller values of^. 
Incidentally, this observation is in fine agreement with the 
predictions of the coherent tube model. Furthermore, the 
values of <^> for both projectiles are found to decrease 
monotonically with increasing values of Ng, Ng and Nj^ . 
However, the distribution of the dispersions of the \ values 
for each event, D(^), shows an appreciable change with the 
change in projectile mass. It has been theoretically 
predicted "that the events having D(^) ^ 0.9 involve particle 
production via cluster formation. The number of events having 
D(*J ) ^  0.9 are (70.69±2.19)% and (68.80±2.00)% respectively 
for carbon- and silicon-nucleus interactions. This 
observation clearly establishes the occurrence of 
clusterization in these interactions. Furthermore, the 
variation of <D(*|,)> with the corresponding number of shower 
particles do not show up any appreciable change, except in 
the region of small values of Ng. The results indicate that 
the maxima of the shower width(R) distributions shift towards 
the lower values of R with decreasing projectile mass. This 
indicates that the shower particles are produced at 
relatively larger angles with increasing projectile mass. The 
R-spectra for various Ng-intervals are of similar type. 
Finally, the characteristics of clusters produced in the 
interactions caused by carbon and silicon projectiles are 
investigated. The cluster size is found to be independent of 
VI 
the projectile mass. It has further been observed that the 
contribution of the short-range correlation is comparatively 
much more in comparison to that of the long-range 
correlation. No evidence of the production of heavy clusters 
in carbon- and silicon-emulsion interactions is found in the 
present study. Finally, on the basis of the findings of the 
present study, it has been concluded that the mechanism of 
multi-particle production in nucleus-nucleus and hadron-
nucleus collisions is probably the same. 
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CHAPTER I 
Introduction and description of some 
theoretical models 
1.1 Introduction 
Reactions induced by the relativistic nuclei of the 
heavy component of the cosmic rays have often been observed 
in nuclear emulsion. However, such events are considered to 
be rather too complicated to deserve serious attention for 
the cosmic radiation consists of particles of various masses 
having widely different incident energies. Hence a systematic 
study of the characteristics of such events is rather very 
difficult. 
Accelerator experiments involving relativistic heavy-
ions started in early seventies. The first beams were 
accelerated to the relativistic energies in synchrotrons at 
Berkeley and Princeton. In those days the possibility of 
investigating the production and properties of the hot and 
highly compressed nuclear matter was considered to be of 
great physical significance. 
In the nuclear reactions with the beam energies 
exceeding a few hundred MeV per nucleon, the available energy 
is much greater than the nuclear binding energy. Hence the 
collisions are quite violent in comparison to those at low 
energies. In the ordinary nuclear matter, the density of the 
nucleons is ^ 0.16 fm~ so that the typical closest-neighbour 
separation is '^  2 fm. Incidentally, this distance is larger 
than the de Broglie wavelength of a nucleon of kinetic energy 
greater than a few hundred MeV. Therefore, at such energies, 
the projectile nucleons can recognize the individuality of 
the target nucleons. 
The main features of high energy heavy-ion collisions 
may be understood on a very simple conceptual basis, in which 
the colliding nuclei are pictured as the two clouds of 
nucleons propagating through each other, with the nucleons 
suffering sequential hard collisions with those of other 
nuclei (e.g. Fig.1.1). The concept of the participants and 
the spectators follows directly from this diagram. The 
nucleons lying in the overlap region of the projectile and 
the target nuclei are referred to as the participants, 
whereas the nucleons of the non-overlap region of the 
projectile and the target are respectively called the 
projectile and the target spectators. 
The fate of the participant portion of the colliding 
system is more complicated; the nucleons suffer hard 
collisions when the two nucleon-clouds interpenetrate. These 
collisions may excite some of the nucleons which mostly 
convert into A~ resonances during this process various types 
of mesons are also produced. Later on, as the system 
disassembles, the long-range Interactions between the 
emerging particles tend to become important for the formation 
of the final fragments. The relativistic heavy-ion collisions 
are classified into peripheral, quasi-central and central 
collisions, the details of which are given in sec. 1.2. 
1.2 Classification of relativistic heavy-ion collisions 
Heavy-ion reactions between two nuclei are classically 
divided into three categories; these are peripheral, quasi-
central and central collisions. A peripheral collision is 
TARGET 
SPECTATOR 
PROJECTILE 
SPECTATOR 
PARTICIPANT 
^ 
{•'Ig.l.I Nuclear collisions at high energl 
es. 
envisaged to occur when the Impact parameter,b, nearly equals 
the sum of the radii of the projectile and target nuclei, 
b « ( Ri + Rg ) (11) 
where Rj^  and Rg are the radii of the projectile and the 
target nuclei respectively. 
An interaction is said to be quasi-central when the 
impact parameter is less than the sum of the radii of the two 
nuclei and greater than the absolute value of the difference 
of the two radii, 
(Rl + Rg) > b ^ IRl - Rgl (1.2) 
In a central collision, the impact parameter is less than the 
absolute value of the difference of the radii of the 
interacting nuclei, 
0 < b < IRi - Rgl (1.3) 
Fig.1.2 clearly illustrates the above three types of 
collisions. We have briefly described the three types of 
collisions in the following section. 
1.2.1 Peripheral collision 
In a peripheral collision, the projectile and the target 
nuclei are quite far apart, so a small momentum is 
transferred between the interacting nuclei. Consequently, in 
such a collision, a small number of relatively faster 
particles as well as slower target fragments are produced. 
The projectile fragments are emitted in a narrow forward cone 
with momenta per nucleon equal to that of the projectile 
nucleons, whereas the target fragments generally go to very 
wide angles in the laboratory frame. The constituent nucleons 
b»*R,*R2 Peripheral 
collisions 
( Q ) 
PF 
CR,*R2)>b^|R,-R2l 
© 
Quasi- central 
collisions 
(b) 
0$b< |R , -R2 l 
Central 
coHisios 
'*lsAn tan 9/2 
Fig.1.2 A schematic outline of pseudorapidity 
distribution in high energy heavy-ion 
reactions for peripherai, quasi-central 
and central collisions. 
of both the above fragments are called participants. The 
spectator nuclei are envisaged to disintegrate through 
fragmentation or evaporation process. Furthermore, in the 
peripheral collisions, the rapidity values lie mostly in the 
projectile and the target fragmentation regions, which are 
separable at relativistic incident energies (Fig.1.2(a)). 
1.2.2 Quasi-central and central collisions 
In the quasi-central and central collisions, the 
projectile and the target nuclei are envisaged to be quite 
close to each other. The difference in the two types of 
collisions could be understood in terms of the number of 
nucleons participating in the reactions. Such events are 
characterised by large multiplicities of the produced 
particles and emitted target fragments. The emission of the 
secondary particles is quite symmetric with respect to the 
mean direction of the incident beam. In the case of the 
central collisions, all the projectile nucleons are 
participants and there are no spectators. It may be noted 
that when a nucleon is no longer a spectator in the reaction, 
it is scattered Into the rapidity space between the 
projectile and the target fragmentation regions. Therefore, 
for both types of collisions, whole of the rapidity space is 
kinematically permissible for the creation of secondary 
particles; the difference is only in the degree of population 
in the central region. In the central collisions, the 
projectile fragmentation products are completely absent and 
the rapidity space available for the particles is essentially 
limited between the projectile and the target fragmentation 
regions (Fig.1.2(b) and 1.2(c)). 
1.3 Nuclear fragmentation 
Fragments having velocities ^ 4 0.3 in the rest frame of 
the projectile or the target nucleus may be considered as the 
spectators of the relativistic heavy-ion collisions. The high 
values of the rapidity of the projectile fragments in the 
laboratory frame help measure the momenta of the fragments 
having low velocities (even zero) in the projectile frame[l]. 
However, measurements are not possible with the traditional 
target fragmentation experiments because of the inability of 
the fragments to escape from the targets of finite 
thicknesses. 
1.3.1 Projectile fragmentation 
A systematic study of the fragmentation of the beam was 
performed for the first time by Greiner et al[2] at Berkeley 
using a magnetic spectrometer system. The values of the 
charge and mass of the fragments emitted with velocities 
close to the velocity of the beam nuclei were determined by 
measuring the rigidity, energy loss in the solid state 
detectors, etc. It may be mentioned that the single particle 
inclusive experiments form the basis for obtaining the 
relevant Information on the projectile and the target 
fragmentations. In these experiments, a reaction of the type, 
jB + T —• F + X, where B and T represent respectively the beam 
and the target nuclei, F denotes a single detected fragment 
and X refers to all other undetected reaction products, is 
Investigated. Some of the Important results on the projectile 
fragments for C and ^ 0 induced reactions are[2-4] 
summarized below: 
(1) the isotope production cross-sections are, to a high 
degree, factorlzable (exception being the hydrogen target and 
one nucleon transfer) 
o]^ = YB VT (1.4) 
where CTQJ is the isotope production cross-section of the 
projectile and the target nuclei; ojg^  is energy independent. 
It may be noted that Yg and Y^ are also independent of the 
beam energy and the fragment mass. This behaviour has also 
been confirmed by various other workers[5-10] for various 
projectiles using a variety of targets having markedly 
different incident energies. 
(2) the longitudinal and transverse momenta distributions of 
the fragments are of Gaussian type. 
(3) comparison between the cross-sections of the mirror 
fragments reveal that the neutron-rich isotopes are always 
preferred. 
1.3.2 Target fragmentation 
Heavily ionizing tracks with momenta lying in the 
interval p ^ 0.25 A GeV/c produced in the relativlstic 
nucleus-nucleus interactions are due to the target 
fragmentation[5,6,11-13]. The rapidity spectra of the target 
fragments from AgBr nuclei bombarded by ^He, ^ ^0 and *'^ Ar 
projectiles at ^ 2 A GeV have been observed to be 
Maxwellian[5]. It may be mentioned that Gosset et al[14] have 
»0 
carried out an extensive study to examine the characteristics 
of target fragments using He and ^^Ne projectiles at 
incident energies ranging from 0.25 to 2.1 GeV per nucleon. 
The single fragment inclusive spectra have been obtained[13] 
in the angular interval between 25*and 125, for the energy 
per nucleon in the range 30 $ E ^  150 MeV. 
Based on the results on the measured differential cross-
sections for the production of hydrogen and helium isotopes, 
Jakobsson et al[ll] have arrived at the following 
conclusions: 
(1) angular distributions are smooth and peaked in the 
forward direction and at low energies the distribution shows 
up an evaporation peak. 
(2) The forward-peaking tends to increase with the fragment 
mass. 
The fire-ball model[15] explains very well the proton 
inclusive spectra at lower incident energies (250-400 A MeV), 
It may be of interest to mention that the fire-ball model 
describes fairly well the peripheral events and perhaps all 
the events produced at comparatively lower incident 
energies. 
1.4 Physics motivations 
As depicted in Fig.1.1, heavy-ion collisions at the 
relativistic incident energies may be looked as two clouds of 
individual nucleons penetrating through each other and 
suffering sequential multiple nucleon-nucleon collisions. 
In the overlap region, called the participant, violent 
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nucleon-nucleon collisions are visualized to occur. At the 
start of a nucleus-nucleus collision, both density and 
temperature are expected to increase tremendously. After the 
collision, the system would expand and then cool down. 
Expected time dependence of the temperature ( T ) and the 
density ( \ ) of such events are shown in Fig.1.1. 
Theorists[16] now believe that at beam energies of 1-2 A 
GeV, which is incidentally the Bevalac energy domain, the 
formation of quark-gluon plasma is not likely to occur, 
whereas at 10-20 A GeV in the laboratory frame, which is the 
BNL energy domain, there is a significant possibility that 
both the density and the temperature can reach the domain at 
which this interesting phase of quark-gluon plasma may exist. 
At much higher energies, '^  1 A TeV or a few tens of GeV 
per nucleon, in the collider mode, it is expected that the 
projectile nucleus practically becomes transparent and the 
projectile and the target would pass through each other {e.g. 
Fig.1.3), Along their trajectories, however, a hot baryon-
free region, called the central region, is likely to be 
created. Theorists[16] also believe that the energy density 
of this baryon-free central region can become high enough so 
that this region can again melt into quarks and gJuons. The 
new phases of nuclear matter, which are likely to occur, are 
described below. 
1.4.1 Energy density 
The energy density in the heavy-ion collisions can be 
evaluated in the non-stopping and stopping regimes which will 
)2 
10-20 GeV/n 
(lab.) 0-0 . c^-
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Fig.1.3 Expected bean energy dependence of nuclear 
collisions. 
\L 
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/ 
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A {!^  A 
Stopping Regime 
Fig. 1.4 Sketches of non-S'topping and stopping regimes in 
relation to the evalution of energjr densities. 
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be quite different in both the cases. In the non-stopping 
regime, when the target nucleus is transparent, a baryon-free 
central region would be formed. This region is shown in 
Fig.1.4. The volume responsible for the particle emission per 
unit rapidity is given by[17]: 
V = A R 2 L (1.5) 
where L = CY.^ 'Y^ is a typical hadronlc time scale and R is 
the projectile radius. Usually, the value of y«= 1-2 fm/c is 
used in calculations. The energy(E) accumulated within this 
volume, which is released primarily by pion emission, is 
related to the experimental observables: 
I—i 2- f"*"! ^t 
The energy density is thus given by 
E 1 dEf £ = - -. (1.7) 
V ^R'^'^jLc dy 
The above expression is known as the BJorken formula. 
In the stopping regime, which is attained when the 
target is black, both the projectile and the target slow down 
in the centre of mass frame (Fig.1.4). The density for the 
nucleus-nucleus collisions evaluated by Goldhaber[183 is: 
^ = 2 Ycm ^ , (1.8) 
where f^ ^ is the Lorentz factor of the centre mass system and 
o is the density of the normal nuclei. In this case, the 
Lorentz contracted volume is: 
A 1 
V = - y- (1.9) 
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The energy accumulated in this volume is twice the nucleon 
number(2A) times the energy carried by each nucleon (j^ m™*^  ^ ' 
E = 2A X:^ mc2 (1.10) 
Therefore, 
C - -^ - 2 Yl mc2 ^. 
= 2 Y^^ Co (1-11) 
where £,= mc^^^ (= 0.15 GeV/fm^) is the energy density of the 
normal nuclear matter. The values of the energy density in 
the nucleus-nucleus collisions at ~ 10 GeV per nucleon are 
exactly the same as required for the phase transition of the 
quark-gluon plasma. 
1.4.2 Quark-gluon plasma 
Till now the theoretical concept of the quark-gluon 
plasma refers[19] to high temperature, high density 
equilibrium phase of strongly interacting matter. It is based 
on the notion that, if a hadron system is so dense that every 
hadron overlaps with several others, their quantum 
chromodynamic partons, quarks, antiquarks and gluons, are 
expected to melt into plasma rather than continue to be bound 
into localized colourless states. This intutive notion is 
very general and should hold also for the non-equilibrium 
states of the system. Lattice quantum chromodynamic 
computation, which are so far only feasible for equilibrium 
state, supports the quantum chromodynamic concept and reveals 
that with increasing temperature, the energy and the entropy 
densities appreciably increase while the temperature and 
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pressure change very little. These calculations suggest that 
chiral symmetry is restored around the same temperature. The 
de-confinement and the chiral phase transition take place at 
temperatures around 200 MeV. 
1.5 Theoretical models on nucleus-nucleus collisions 
Many theoretical models have been proposed from time to 
time to describe nucleus-nucleus collisions. Different models 
describe different aspects of the collisions. We describe 
below some of the models briefly. 
1.5.1 Cascade evaporation model 
The cascade evaporation model[20] is a development of 
the intranuclear cascade model describing the hadron-nucleus 
interactions, to the case of nucleus-nucleus collisions. The 
general features of this model view a heavy-ion collision to 
be between two gas clouds. Each of the colliding nuclei in 
its co-ordinate system is considered as a Fermi gas of 
nucleon in a Wood-Saxon potential well, V(r), given by 
V(r) = B + (Pp. / 2m) (1.12) 
where m is the mass of a free nucleon and B is the binding 
energy of a nucleon inside a nucleus which nearly equals 7 
MeV. The nucleons in the nucleus have their momentum 
distributions reproducible by the following analytical 
expression: 
W(P) dP - p2 dP (1.13) 
0 S P 4 PpCr), which is isotropic in the momentum space. The 
maximum value of the local Fermi momentum, Pj. (r), can be 
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expressed in terms of the nuclear density, ^(r), 
Pp = ^  C 3 7?^ir) ]^ /3 (1.14) 
which is an approximation of the two-parameter Fermi 
distribution; the values of these parameters can be obtained 
from the electron elastic scattering experiments. 
It has been suggested[20] that the nucleons of the 
incident nucleus in the laboratory system can be described as 
independent particles which are characterised by the space-
time four-vector {?^ ,t} and the momentum-energy four-vector 
{p,E} with an effective mass 
""eff =J E^ - p2 
= m - V(r) (1.15) 
This consideration is also valid for the nucleons of the 
target nucleus in the co-ordinate system connected with the 
projectile. The effect of the nuclear potential on a particle 
entering the nucleus is taken into account through the sudden 
approximation, by increasing the particle kinetic energy by 
the quantity V(r). 
The approximation of the independent particle effective 
mass allows one to use the relativistic kinematics, taking 
into account the effect of the relativistic compression and 
the symmetry of the problem relative to the colliding nuclei. 
In fact, this is one of the basic assumptions of the cascade 
evaporation model which changes the interaction of the two 
complex systems into the interaction between their 
constituents. 
The dynamics of the interaction is followed in time by 
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using the Monte-Carlo approach. The model takes into account 
the interaction between the nucleons of the two colliding 
nuclei and those of the cascading particles with nucleons of 
both the projectile and the target. The incident particle can 
interact with any target nucleon which it can see in a 
cylinder of cross-sectional area 71 ( r^ j^^ ^ + Ap) , where Xp is 
the de Broglie wavelength and r^ j^ ^ is a quantity which is 
nearly twice the range of the strong interaction and is taken 
to be 1.3 fm[21]. Thus, the probability of scattering of the 
kth nucleon, after traversing without interaction with (k-l) 
nucleons, is given by the binomial distribution: 
k=l 
4 J = Z I ( 1 - ^i ) k^ (1-16) 
i=l 
where the partial probability q^^ (i = 1,2,3, k-l) is 
expressed in terms of the interaction cross-section for the 
ith nucleon, <y£ , 
qi = — 2 - (1.17) 
( i^nt ^^D)^ 
The cascading stage ends when the interacting nuclei are 
separated by a distance such that their potential wells do 
not overlap further and all cascading particles are emitted 
from the nuclei. The estimation of the residual nucleons in 
the potential well and their isotopic constitution gives the 
mass and the charge of the residual excited nuclei. The 
excitation energy is determined by the energy of the absorbed 
particles and holes, which are formed as a result of the 
intranuclear cascading. In this model, the coulomb force 
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acting between the projectile and the target is considered. 
Effectively, this corresponds to an increase in the impact 
parameter and a rotation of all the co-ordinate system by a 
particular angle. 
1.5.2 Spectator-participant model 
The geometrical cross-section for a projectile having B 
nucleons and the target nucleus with mass number A can be 
approximately expressed as: 
cj =Ar2 (B^/3 + A1/3)2 (1.18) 
with r, = 1.0-1.2 fm. Nucleons inside the projectile, which 
hit the target, are classified as participants, the remaining 
nucleons, if any, are the spectators (c.f. Fig.1.5). The mean 
numbers of the participants from the projectile and the 
target, <PB> and <Py^ > respectively are expressed as: 
A OpB 
<PA> = (1.19) 
and 
B <Jp7 
<Pg> = (1.20) 
^'BA 
where (Spg and cjp^  are the inelastic cross-sections for 
proton-nucleus collisions and agj is the inelastic cross-
section for the nucleus-nucleus collisions. It may be 
mentioned that in the production cross-section of the 
nucleus-nucleus collisions, events in which one or both 
nuclei break-up into two or more fragments, without meson 
production, are not taken into account. 
Average number of the participants from the projectile 
nucleus is approximately equal to the ratio of the geometri-
BEAM NUCLEUS 
20 
PARTICIPANT 
TARGET NUCLEUS 
Fig.1.5 Spectator-participant geometry. 
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cal cross-section of the target and the total geometrical 
cross-sections for the nucleus-nucleus collisions. For 
instance, the number of participating protons from the 
projectile and the target are expressed as[223: 
A r2 A2/3 Zg A2/3 
<2Part> ^ 2r, =-^7::—TTTT-;: (1.21) 
B ^ or- "(B1/3+A1/3)2 
and 
Ar2 B2/3 2^ ^^/^ 
<2Part^ ^  2A = , ,o , ,o » d • 22) 
The average number of the participant protons,<ZP^^^>, is given 
by 
<2Part> _ <2pai^ >^ + <Zf^^*> 
ZD A2/3 + ZA B2/3 
«> -^ A (1.23) 
(B1/3 + A1/3 )2 
Similarly, the average number of the spectator protons 
from the projectile is given by 
<2spec^ . 2g - <zPa^*> 
ZR A2/3 
(B1/3+ A1/3)2 
Zg (B2/3+ 2B^/3 A1/3) 
(1.24) 
(B1/3^ A1/3)2 
The integrated inclusive cross-section of the nuclear charge 
for the spectator and participant regions respectively may be 
expressed as[22]: 
o^i = <Z^ > X Og (1.25) 
where i = participant or the spectator. The observed 
projectile- and target-mass dependence is very well 
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reproduced by Eq.{1.25). With regards to the value of the 
absolute cross-section, however, the data at larger angles 
require r^  = 1.2 fro, whereas the data on the projectile 
fragments require r, = 0.95 fm, which is somewhat smaller 
than the expected value. The reason is that the spectator-
participant model with straight line trajectories is only an 
approximation. Because of the finite scattering angles, the 
boundary between the spectators and the participants are not 
sharp, thereby reducing the yield in the projectile 
fragmentation region[22]. 
In the above model, we often consider the nucleus-
nucleus collisions where all projectile nucleons participate. 
Such events have thus no spectator fragments and are 
referred[23] to as the spectator veto events. 
1.5.3 Independent-source model 
This model was put forward by Hegab et al[24] for 
explaining the multiplicity distributions in nucleus-nucleus 
collisions which is an extension of the independent-source 
model proposed by Hufner et al[25] to explain some features 
of the hadron-nucleus collisions. In this model, it is 
assumed that the number of target nucleons {^^) and the 
number of projectile nucleons (N-), participating in nucleus-
nucleus collisions, are independent of the sources acting 
incoherently. The net multiplicity distribution function is 
given by: 
PAA^'^) = L ^ i r ^ WApA^Np) WA^A^Nt) Q(V«t'« ) (1.26) 
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where the factor W^ ^  represents the probability that Np 
projectile nucleons (out of Ap) interact with a target 
nucleus of mass number A^. This factor contains the 
geometrical aspect of the interactions. The function Q(Np + 
N^, n) represents the multiplicity distribution function for 
the emission of n negative secondaries from the Np+N^ 
participants. Its explicit form is derived by generalising 
the hadronisation picture in pp collisions, which is viewed 
as the decay of two sources ( chains or fire-balls) radiating 
independently. 
The probability distribution of multiplicity, P]^(n), can 
in general, be deduced from the KNO scaling function, 
Y^(n/<n>), for pp collisions, which is frequently used over a 
wide incident energy range[26]. However, this function is 
mathematically difficult to manipulate, if analytic final 
expressions are sought. Over a few GeV energy range, some 
workers[25] have used the usually adopted Poisson 
distribution function expressed as: 
Pl(n) = (.<Ri>^ / n!) Exp (-<ni>) (1.27) 
where <n^> represents the mean number of the negative 
particles produced from a single source, which is half the 
average value produced in nucleus-nucleus collisions at a 
particular projectile energy. On the other hand, for the 
reactions above 10 GeV, the distributions are described 
reasonably well by the negative binomial distribution of the 
type: 
k-A/<ni>/k Y ( 1 Y 
n /\l+<ni>/k/ \l+<ni>/k/ 
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(1.28) 
where <n^> is again half the mean multiplicity in nucleus-
nucleus collisions and the parameter k, which is energy 
dependent, has been Interpreted in several QCD models as the 
number of independent emitters (subnucleonic units, e.g. 
partons) in a single source[27], 
Eq.(1.28) leads to the value of Q(Np+N^,n) given by: 
/n+(N^+N+)k-l\f<ni>/k \"/ 1 \(Np+Nt)k 
Q(N_+Nt.n) = ^ -1 (1.29) 
^ \ n / Vl+<ni>/k/ \l+<ni>/kl 
The value of the parameter k can be determined from the 
experimental average values (<n> _) and dispersion (Dpp) for 
pp interactions at the same incident energy per nucleon, 
where the following fact has been used: 
1 
<«!> = — <n>pp 
and 2 
2 ^ 1 Df = — Dpp = <ni> ( 1+ <ni>/k) (1.30) 
The average values of the multiplicity and the dispersion, 
according to this model are 
<n>^ = (<Np> + <Nt>) <ni> (1.31) 
D M = ^ ? <^Np> + <N^>) + <"1>^ (D]jp+ D^^) (1.32) 
The average values of the multiplicity and the dispersion of 
the negative particles are calculated using the above 
relations. 
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1.5.4 Collective tube model 
The collective tube model was proposed by Afek et 
al[28]; the collective tube model can easily be extended to 
the case of high energy nucleus-nucleus collisions. Each of 
the colliding nuclei is divided[28] into parallel nuclear 
tubes of cross-section o-- lying along the beam direction and 
a nucleus-nucleus collision is assumed to consist of all the 
tube-tube collisions that occur during the nucleus-nucleus 
collision. It is further assumed that all the tube-tube 
collisions contribute incoherently to the nuclear cross-
section. The type and the number of such tube-tube collisions 
depend on the colliding nuclei, impact parameter and the tube 
cross-section. It may be interesting to mention that the tube 
cross-section is treated as a free parameter in this model. 
The collective recoil of the tube results from the final 
state interactions between the struck nucleons and the 
nucleons that lie behind it. A reasonable guess for o— is 
o— = o^ gPP (1.33) 
Due to Lorentz contraction, in the centre of mass 
system, the colliding tubes look like narrow disks and the 
tube-tube collisions do not look any different from the 
ordinary particle-particle collisions. If there are ii 
nucleons in an incident tube and ±2 nucleons in the target 
tube with which it collides, then the centre of mass energy 
squared for this tube-tube collision is approximately given 
by: 
'ijij- 2 ii ig m p (1.34) 
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where p is the laboratory momentum per nucleon in the 
incident nucleus. For the nucleus-nucleus collisions, Afek et 
al[28] assume that in the centre of mass system, the tube-
tube collisions resemble with nucleon-nucleon collisions at 
the same centre of mass energy. The collective tube model 
provides interesting information on the situation existing in 
the nucleus-nucleus collisions at very high energies. 
1.6 Present experinent 
Two stacks of BR2 emulsion, each exposed to 4.5 GeV/c 
per nucleon carbon and silicon beams at JINR, Dubna (USSR), 
have been used in the present investigation. The main 
objectives of the present study are: 
(a) to examine the anomalous behaviour of He-fragments, 
(b) to investigate the general characteristics of secondary 
particles produced in the interaction of carbon and silicon 
projectiles with emulsion nuclei and 
(c) to study the pseudorapidity and rapidity-gap 
distributions. 
For this purpose, random samples involving 852 and 1024 
interactions produced in carbon- and silicon-emulsion 
interactions have been analyzed to investigate the above 
stated problems in detail. The results on the anomalous 
behaviour of the He-fragments produced by carbon and silicon 
projectiles are presented in Chapter III. In Chapter IV, the 
general characterstics of secondary particles produced in 
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C- and Si-emulsion interactions are given. 
Results of the present work have been compared with the 
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similar results obtained for the interactions caused by other 
projectiles having the same beam momentum per nucleon. The 
comparison yields valuable Information on the dynamics of 
heavy-Ion collisions. Finally, the results on the 
pseudorapldlty and rapidity-gap distributions and the related 
parameters, such as dispersion, shower width, etc. are 
presented in Chapter V. These results throw considerable 
light on the dynamics of multiparticle production in nucleus-
nucleus collisions. 
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CHAPTER II 
Experimental 'techniques 
3l 
2.1 Introduction 
Details about the stacks used, method of scanning, 
charge and angular measurements and method of target 
identification, etc., are presented in this chapter. In the 
present investigation nuclear emulsion has been used as the 
detector as the nuclei of emulsion serve as the target. 
Before discussing in detail the methods that have been 
adopted in the present study, a brief description of the 
nuclear emulsion and the mechanism of track formation is 
presented below. 
Nuclear emulsion is a pasty substance composed of the 
following basic compounds: 
(i) Silver halide, mainly bromide with a small admixture of 
iodide, of density 6.47 gms/cc. These are in the form of 
micro-crystals with linear dimensions between 0.1 and 1.0 
microns. 
(ii) Gelatine of average density 1.312 gras/cc and a 
plasticiser, such as glycerine. The elements present in these 
substances are carbon, oxygen, nitrogen, hydrogen and 
sulphur, 
(iii) Water. 
When a charged particle moves through emulsion, it 
gradually loses energy by electromagnetic interactions. As a 
consequence, energies of the atomic electrons increase and 
hence they are raised to the excited energy states which may 
lead to the ionization of the atoms. As a result of 
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ionization of the atoms, some of the halide grains are 
modified in such a way that on Immersing in the reducing 
bath, containing the developer, they are turned into grains 
of metallic silver which is recognisable by its black colour. 
This visible laterally extended path of the charged particle 
is called its track. 
2.2 Detail of the stacks 
Two stacks of BR2 emulsion of dimensions 18.6 X 9.5 X 
0.06 cm^ and 16.9 X 9.6 X 0.06 cm^, with printed grid, 
exposed to 4.5 A QeV/c carbon and silicon beams at Dubna 
Synchrophasotron, USSR, have been used in the present 
investigation. The plates were mounted on the glass after 
development. The primary tracks are almost flat. Hence most 
of the primary particles could travel the full length of the 
stack provided that they do not interact. 
2.3 Scanning 
A star is formed In the emulsion at the place where a 
particle of the primary beam interacts with a nucleus of the 
emulsion. The process of searching for the stars with the 
help of a microscope is called scanning. Two modes of 
scanning are employed, viz, area scanning and line scanning, 
depending upon the nature of the problem. 
Line scanning was performed to collect the interactions. 
For this purpose, plates were scanned using a Nikon 
microscope with 40X objective and 10X eye-pieces. The primary 
tracks were picked up at a distance of 3 mm from the entrance 
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edge of the stack and were followed backward to ensure that 
they did not come from any previous interaction. All such 
tracks were followed until they interacted or left the 
pellicle. 
2.3.1 Scanning efficiency 
It is useful to determine the scanning efficiency for 
recording different types of events. The usual procedure is 
to scan a given volume of the emulsion by an observer and 
record a number of events Nj^  and then to re-scan it by 
another observer and record the number, N2. If the volume 
scanned actually contains N events and N]^ 2 represents the 
number of events common in both the scans, then: 
( N. + N2 )2 
N = (2.1) 
and the efficiency, E, is expressed as: 
2 N12 
E = =^ —^ (2.2) 
In the present study, scanning was performed by three 
independent observers to increase the scanning efficiency; 
efficiency was found to be ^  98%. 
2.4 Classification of tracks 
Secondary charged particles produced in each 
interaction were classified into shower, grey, black and 
projectile fragments on the basis of their specific 
ionizations. 
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(a) Shower tracks: Tracks having ionization g < 1.4 g^, where 
go represents the plateau ionization of a singly charged 
particle, are classified as shower tracks. The number of 
shower tracks produced in an interaction is denoted by N^, 
Shower tracks are mostly produced by relativistic pions. 
(b) Grey tracks: Tracks having ionization in the interval 
1-4 g^4 s 4 10 g^  are termed as grey tracks. Grey tracks are 
mainly due to protons, deuterons, tritons and some slow 
mesons. The number of grey tracks in an interaction is 
represented by Ng. 
(c) Black tracks: Tracks with ionization g > 10 g^are defined 
as black tracks. Black tracks are due to slow particles and 
evaporated fragments. The number of black tracks produced in 
an event is denoted by N^ j. 
Grey and black tracks together are referred to as the 
heavy tracks and their number is denoted by Nj^  ( = N- + N^ ). 
It may be noted that grey and black tracks having dip angles 
9^ j ^ 30 are considered in the present investigation. To 
account for the loss of grey and black tracks having dip 
0 
angles 9^ > 30, a statistical weight factor, K, defined 
below, was assigned to each grey and black track; having 
ejj<30': 
K = 1 (2.3) 
arc sin ( sin 30/ sin 9) 
K=l for the space angles lying in the interval 150".^  6 ^  30. 
(d) Projectile fragments: Projectile fragments are also 
secondary tracks; they usually fly in a narrow cone in the 
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forward direction with momentum per nucleon equal to that of 
a projectile nucleon. Since the projectile fragments also 
appear as black, grey or shower tracks depending upon their 
charge, their number in a star must be experimentally 
established in order to know there number of black, grey or 
shower due to target nucleus. Whereas the tracks due to 
fragments with Z :> 2 can be easily identified, it is very 
difficult to individually identify the tracks due to 
projectile fragments with Z = 1 amongst the showers and 
therefore their number is ascertained only statistically. The 
method for determining the Z = 1 and Z ij, 2 fragments are 
given below. 
(i) Singly charged (Z=l) projectile fragments: It is really 
very difficult to identify the singly charged projectile 
fragments. For this purpose, a statistical method based on 
the comparison of the angular distributions of shower 
particles produced in nucleus-nucleus and proton-nucleus 
collisions at the same incident energy per nucleon is 
employed. It is found[l] that the angular distribution of the 
singly charged projectile fragments in the laboratory frame 
may be expressed: 
dn/d cos e «* A^ ^f cos 9 Exp [-A^  ^^{1-QOS^Q)/2 O-^] (2.4) 
where Ap is the mass number of the fragments and p^  is the 
incident momentum per nucleon. Eq.(2.4) represents a 
transverse momentum distribution of the type 
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Pi 9 9 
dn/dp, = Exp (- pf / 2 o-*^  ) (2.5) 
0-2. ^ 
It has been observed[2] that the angular distribution of the 
produced shower particles In proton-nucleus Interactions at 
small emission angle 6 can be written as 
dn/d cos 9 = constant (2.6) 
In the present study, an attempt is made to fit the 
angular distribution of shower particles for carbon- and 
silicon-emulsion interactions to the sum of the values 
calculated by using Eqs.(2.4) and (2.6). These distributions 
are exhibited in Figs. 2.1 and 2.2 for carbon- and silicon-
emulsion interactions. This procedure allows to determine the 
angle Go which is used to separate shower particles of the 
fragmentation type ( 9 ^  ©o ) and shower particles produced in 
the more violent processes ( 9 > 9©). The value of 9o is 
chosen in such a way that the number of fragments with 6 > 0o 
is equal to the number of produced shower particles in the 
region 9 4 9o . The use of the angle 9* is quite reasonable 
for estimating the average multiplicities of the singly 
charged fragments and shower particles. 
(ii) Doubly charged (Z=2) projectile fragments: Doubly 
charged fragments of the incident nucleus are defined as the 
fragments with g/g^  ^ 4 (with no change in the ionization 
over a distance of 2 cm from the interaction point) and lying 
in a narrow cone in the forward direction (0 ^  5"). 
(ill) Multi-charged {Z >^ Z) fragments: The fragments having 
relative ionization g / g, > 6 ( with no change of the 
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Fig.2.1 Angular distribution of shower particles in 
carbon-emuision interactions. The solid curve 
represents the fit to the data by the sum of 
£q.(2.4) and (2.6). 
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Fig.2.2 Angular distribution of s-particies in silicon-
emulsion interactions. The solid curve represents 
the fit to the data by the sum of Eq.(2.4) and (2.6). 
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ionization over a distance of " 1 cm from the interaction 
point) and emission angles 9 ^ 5"are referred to as the 
multi-charge fragments. 
The charges of the fragments of the incident nuclei are 
determined in each case by the o-electron density and blob 
and gap methods. 
2.5 Charge determination 
The charge of a particle or a fragment may be determined 
by measuring the following track parameters — 6-ray density 
or/and ionization by the blob and gap method. 
2.5.1 o-ray counting 
The coulomb field of an ionizing particle disturbs the 
outer electrons of the atoms lying in its path, with varying 
amount of energy transfer. The knock-out electrons receiving 
kinetic energy more than 2 KeV, produce observable tracks, 
known as the delta-rays(O). 
The differential cross-section for the transfer of 
energy in the interval E and E+dE to a stationary unbound 
electron by the electric field of a point charge Ze is given 
by[3]: 
/ d o - \ 2AZ2 r^ mc2 / v^^E \ dE _ 
dE = ; \ l - i - J cm2 (2 .7) 
\dE/ p2 \ E „ J E 2 
2 2 
where r<, = e / mc , m is the electron mass, E is the energy of 
the knock-on electrons and E^ ^^ ^ is the maximum possible 
energy that may be transferred by a particle of velocity ^ . 
Several workers[4,5] have adopted different conventions 
1,0 
for counting the number of delta-rays associated with the 
tracks of the charged particles. Dainton et al[4] define a 
track to be a o-ray which contains at least four grains, 
while Tidman et al[5] take a grain configuration to be a o-
ray which has a projected range of at least 1.58/um on the 
plane of the emulsion from the axis of the track. 
If "0 represents the o-ray density for a singly charged 
particle having high velocity, then for other particles 
travelling with the same velocity, the density of the O-
rays, ng, is given by: 
n, = Z*2 ^ (2.8) 
where Z is the mean effective charge for the production of 
o-rays. 
If Zj and Z2 be the charges of two fragments having 
velocities of the same order of magnitude and nj^  and n2 be 
the numbers of o-rays produced by them respectively, then 
ni / ng = Z2 / z| (2.9) 
If the charge of one of the two particles is known, then 
the charge of the other can be determined using the above 
relation and by counting the number of o-rays on the two 
tracks. The error in the charge determination is +1 (in terms 
of electronic charge). This method is applicable only for the 
tracks of ranges greater than or equal to 1 mm. 
The charges of the projectile fragments have been 
measured by counting <3-rays over a distance of ~ 1 cm. 
Charge calibration by counting o-rays was done on the tracks 
41 
of the primary particles for different depths and is plotted 
in Fig.2.3. It may be seen in this figure that the number of 
O-rays does not depend on the depth of the emulsion. For 
checking the reliability of this measurement, the charges of 
the projectile fragments were also estimated by blob and gap 
method. 
2.5.2 Blob and gap method 
When the velocity of a charged particle is low, the 
grains are frequently formed close together, and their true 
number becomes uncertain. In such cases, the blob and gap 
method is used for estimating ionization. 
The density,H, of the gaps of gap lengths exceeding 1 is 
given by 
H = B Exp (-g 1) (2.10) 
where B is the blob density and g is a measure of the 
ionization. Fowler and Perkins have also shown that the blob 
density, B, and g are related in the following fashion: 
B = g Exp (- o(g) (2.11) 
where o( is a parameter which largely depends on the average 
grain size. The value of oC is also affected by the optical 
resolution of the microscope and the convention employed by a 
particular observer. The value of oC lies between 0.6 and 0.7 
^m. 
Further, if H^ and H2 represent the numbers of gaps of 
lengths exceeding 1^ and I2 per unit length of the tracks, 
then the coefficient of the exponent,g, can be determined 
from: 
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Fig.2.3 Variation of S-rays with depth. 
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1 Hi 
g = logg — (2.12) 
The value of the relative ionization is obtained by using the 
relation g = g / g-. 
2.6 Angular measurements 
The parameters used in the present study have been 
measured using Cooke's M4000 series microscopes with 95X oil 
immersion objectives and 10X eye-pieces. The events 
satisfying the following criteria were selected for various 
measurements: 
(i) beam tracks having projected angles > 3**with respect to 
the mean primary direction were rejected and 
(ii) events produced within 30 yum from the top and the bottom 
of the emulsion pellicles are not included in the present 
analysis. 
The secondary charged particles lying in a narrow cone 
in the forward direction are not well separated. Therefore, 
angular measurements on the secondary particles having 
projected angles 4 7 in a narrow cone in the forward 
direction were performed using the co-ordinate method which 
is regarded to be rather a more reliable method in that 
region. Rest of the tracks were measured directly by the 
method of goniometer. The details of these methods employed 
in the measurements are given below. 
2.6.1 Shrinkage factor 
After processing emulsion it will occupy less volume 
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than before unless some material has been added to replace 
the silver halide dissolved by the fixer. Both gelatine and 
glycerine are hygroscopic so that the actual equilibrium 
thickness and index of refraction of the processed emulsion 
as well as the unprocessed emulsion depends on the ambient 
humidity. The thickness of the emulsion at the time of 
exposure divided by its thickness at the time of measurement 
is called the shrinkage factor. 
Shrinkage factor = 3 / Z (2.13) 
where z is the thickness of the emulsion before exposure 
which is given in the literature of the stack and Z is the 
thickness of the emulsion after exposure which is determined 
during the measurement. 
It is important to know the original thickness of the 
emulsion for any quantitative measurement of the track 
parameters in emulsion. 
2.6.2 Co-ordinate method 
In order to measure the angle of the secondary particles 
having projected angles 4: 7 cone in the forward direction, 
the beam tracks of the interactions are aligned parallel to 
the X-motion of the microscope with the help of a graticule. 
The vertex of a star is then focussed and the readings of X-, 
Y- and Z-motions are taken. Next, the stage is moved in the 
forward direction till the track appears to get separated. 
Again the track is focussed and the readings of the X- and Z-
motions are noted down. The reading of Y is recorded from the 
eye-piece graticule scale corresponding to the X reading. The 
t5 
differences of the X, Y and Z readings give the values of /iX, 
AY and AZ. The projected and dip angles, (0 ) and {Q^), 
respectively are calculated using the following relations: 
0p = tan ^ ^ — I (2.14) 
and 
1/ S.F. xAZ \ 
where S.F. denotes the shrinkage factor. Using the values of 
9p and 0^, the space angle is calculated from*-
e = cos"-^  ( cos 0p X cos 0^ j ) (2.16) 
The space angles are determined by this method only for those 
particles which have projected angles ^ 7* 
2.6.3 Goniometer method 
In this case, the primary track of an Interaction is 
aligned parallel to the reference line of the goniometer. The 
reference line is parallel to the X-motion of the microscope. 
The secondary tracks are aligned one by one by rotating the 
goniometer in a single set direction. The goniometer scale 
reading gives the projected angle. For each track, the dip is 
measured by moving the Z-motion of the microscope with 
respect to the dip of the vertex. Then, the dip angle, Q^, is 
calculated using the relation: 
0jj = tan"^ 
/S.F. X dipN 
where S.F. is the shrinkage factor and /^L is the distance 
from the vertex to the point at which the dip is measured. 
The space angles are calculated using Eq.(2.16). 
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2.7 Target identification 
It is quite difficult to identify the exact nature of 
the target because emulsion consists of H, C, N, 0, Ag and 
Br nuclei. However, various methods have been tried by 
several workers[6-9] to identify the targets in emulsion in 
the investigation of the important features of hadron-nucleus 
and nucleus-nucleus collisions. 
The classification of the interactions with different 
target nuclei may be carried out on the basis of the 
distribution of the heavily ionizing tracks, Nj^ . Usually, the 
events with Njj 4 1 are taken to be due to H targets, 
interactions with 2 ^ Njj ^  7 may be due to CNO and AgBr 
targets and the events with Njj :^  8 are exclusively due to 
AgBr targets. This method of separation into different 
nuclear targets is more accurate for the interactions induced 
by very light nuclei beam. Although this method is crude, the 
separation of events for AgBr is quite accurate for the 
sample satisfying the condition Njj > 8, but for Nj^  ^ 8 
events, there is an admixture of CNO target events and 
peripheral collisions with AgBr targets. Since our 
investigation demands event-by-event target identification, 
therefore, for identifying the target for the events with H^ 
4 8, the method of the short-range track distribution was 
adopted. The distribution of the short-range tracks 
reveals[8] that there are practically no tracks having ranges 
between (10-50) ^ m in the interval of Nj^  = 2 - 7 for the 
interactions with AgBr targets in the emulsion. The events 
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due to AgBr nuclei with Nj^  4 8 and having at least a short 
track{4 10 yum) are due to recoil nuclei. It may be mentioned 
that owing to the high coulomb barrier low energy light 
nuclei are not emitted in the peripheral collisions with 
heavy targets. Hence, the low energy light particles are not 
likely to be produced if no heavy particles accompany them in 
the peripheral interactions with heavy targetstS]. An attempt 
has, therefore, been made to separate the targets using the 
following criteria: 
CNO events: 2 4: Nj^  ^  8 and no tracks with R <C 10 /urn 
AgBr events: 
(i) Nj, > 8 
(ii) Nj^  ^  8 and at least one track with R ^  
10 )um and no track with 10 ^ R 4 50 A^ m 
H events: Nj^  = 0, 1 but not falling in any of the above 
categories. 
Table 2.1 gives the results using the above criteria 
alongwith the results of other similar effortsCl,10-13]. It 
may be seen from the table that the probability of the events 
due to AgBr nuclei increases with increasing projectile mass. 
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Table 2.1 - Percentage of occurrence of interactions for 
different groups of nuclei in nuclear emulsion. 
Momentum 
(A GeV/c) 
3.0 
4.5 
4.5 
2.1 
2.1 
4.5 
1.8 
* Present 
Projectile 
P 
oC 
c 
N 
0 
Si 
Fe 
work 
H 
18.00 
21.03 
21.29 
12.70 
13.00 
22.23 
23.13 
CNO 
49.50 
40.42 
30.87 
32.90 
29.00 
24.43 
22.64 
AgBr 
32.50 
38.55 
47.84 
54.50 
58.00 
53.34 
54.23 
Ref. 
10 
11 
* 
12 
13 
* 
1 
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CHAPTER III 
Mean free path of He-fragments produced in the 
interaction of carbon and silicon nuclei 
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3.1 Historical background 
Studies involving nuclear research emulsion which may 
provide evidence for the short reaction mean free paths of 
the relativistic projectile fragments of high energy heavy-
ion in the cosmic radiation have been undertaken sporadically 
since 1954. Evidence for the anomalous fragments induced by 
heavy primary cosmic-ray nuclei was obtained for the first 
time by Milone[l]; Milone had found an event of nuclear 
disintegration of a heavy projectile having charge Z=13±l and 
energy ~ 9 GeV producing different stages of fragments. The 
mean free path was observed to be 1.89 cm, which was about 
seven times smaller than the expected value. This result has 
been confirmed by other workers[2,3] as well. However, the 
latter authors[2,3] have suggested that the secondaries and 
the further generations in the cascades might have mean free 
paths five to ten times shorter than the value expected from 
the theoretical calculations using Bardt-Peters relation[4]. 
Furthermore, Friedlander and Sprlchez[5] have investigated 
six cosmic-ray initiated cascades and found a difference 
between the mean free paths of the first and the second 
generation of the fragment production. However, due to 
limited statistics and large uncertainties involved in the 
estimation of the charge and energy of the relativistic heavy 
cosmic-ray nuclei, these results did not receive much 
attention until the early seventies. Later, Judek[6] carried 
out more detailed and systematic studies on the variation of 
the mean free path of the projectile fragments having 
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different charges with distance. For the charges Z :^  2, he 
concluded that 
(i) the variation of the observed mean free paths with 
distance from the primary interaction shows a transition from 
short to normal interaction lengths around 3 cm which 
indicates the presence of some anomalous component 
interacting with a very short mean free path '^ few cm and 
(ii) collisions initiated by the anomalous fragments were 
similar to those produced by other nuclei of the same charge 
so much so that the characteristics of their typical nuclear 
collisions resemble to a large extent. Similar results have 
been reported by Cleghorn et al[7] for the secondary 
relativistic fragments having charges 3 ^  Z ^  5 of the cosmic 
radiation. Consequently, a large number of experiments were 
performed to study the anomalous behaviour of the projectile 
fragments. 
In earlier seventies, when beams of relativistic heavy 
nuclei became available at Berkeley and Dubna, Judek[6] 
confirmed the findings of his previous investigations using 
the results of an emulsion exposure at 1.8 GeV per nucleon 
oxygen beam. A few years later, similar observations were 
made with a much higher statistics by Friedlander et al[8] 
using 2 GeV per nucleon beams of oxygen and iron from Bevalac 
incident on an emulsion stack. These anomalous projectile 
fragments were found to represent ^6% of the total fragments 
and have a mean free path of '^  2.5 cm corresponding to an 
enhanced interaction cross-section persisting for, at least. 
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10"^ sec. In another study of the collisions of cosmic-rays, 
Barber et al[9] have supported the existence of the anomalous 
nuclei. However, they were of the view that most of the 
produced fragments were the anomalous nuclei with about twice 
the normal cross-sections and a decay time "10" sec. 
Several workers[10-13] have studied the anomalous 
behaviour of Z = 2 fragments using various projectiles having 
different energies. Jain et al[10] have studied these 
features of the fragments having Z = 2 produced in the 
interactions of ^^hv and ^^Fe nuclei in nuclear emulsion and 
have observed no anomalous behaviour of He-fragments in their 
mean free paths within the first few cms from their 
production points. But later on, El-Nadi et al[ll] and Ghosh 
et al[12] obtained substantial evidence regarding the 
anomalous behaviour of Z = 2 fragments. These workers[ll] 
have also reported that the fragments produced in the events 
having Nj^  = 0 show the anomalous effect more frequently in 
comparison to the fragments from other events. Ganssuage et 
al[13] have analyzed the data on Fe-emulsion collisions by 
dividing it into two catagories; namely, hot and cold events. 
They have obtained positive result about the existence of 
anomalons in the cold interactions. Recently, many 
experiments[14-19] have been performed to examine the 
anomalous behaviour of Z = 2 fragments with a comparatively 
higher statistics at different incident energies. Their 
results are consistent with the idea of non-occurrence of 
anomalons. More recently, Singh et al[20] have investigated 
the behaviour of the interaction mean free paths of He-
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fragments in the interactions of ^^0 and ^^S at 200 GeV per 
nucleon with nuclear emulsion; they have, however, not 
observed any anomalous behaviour. 
Several workerstS,15,19,21,22] have studied the 
anomalous behaviour of the multi-charge {Z >y 3) fragments. 
Friedlander et al[8] have analyzed the data on ^^0 and ^^Fe 
at 2 GeV per nucleon. From their results it is concluded that 
^ 6% relativistic projectile fragments having 3 ^  Z .<: 26, 
show the anomalous behaviour of the interaction mean free 
path upto a distance of ^ 2.5 cm from the point of 
interaction. These observations support the results of Jain 
et al[22]. Later on, Jain et al[23] in their experiment 
involving Kr at 1.52 GeV per nucleon investigated the 
characteristics of the fragments having charge in the 
interval 15 ^ Z ^  36; they have obtained positive result 
regarding the existence of anomalons. It is interesting to 
mention that during the last five years, Jain et al[21] have 
reviewed their earlier work; they have not obtained positive 
indication about the occurrence of anomalous effect. 
Moreover, BCJJL collaboration[14,19], Bannik et al[15] and 
Bedjidian et al[18] have also investigated the multi-charge 
fragments data and have not obtained a clear evidcnco about 
the anomalous behaviour over comparatively shorter distances 
from the point of the fragment emission. 
The results on the interaction mean free path induced a 
series of attempts using various experimental techniques, 
e.g. Cerenkov detectors[24,25], plastic track detectors[26-
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28], magnetic spectrometers[29], bubble chamberst30J and 
radio chemical techniques[31]. In a majority of these 
studies, fragments having different charges had to be mixed 
in order to have significant statistics. 
Studies on the anomalous effect of the projectile 
fragments were also investigated[26-28] using plastic track 
detectors using Ar and ^Fe beams with 1.85 GeV per 
nucleon. These experiments did not show any evidence for the 
anomalous projectile fragments. Cerenkov counter 
experiments[24] indicated the non-existence of the anomalous 
effect for the fragments of charge Z > 10 produced by 1.8 A 
GeV Ar and Fe in lucite. The decays of the anomalous 
projectile fragments have been investigated in several 
experiments, by measuring delay V-rays coming from an 
excited state[32], or by comparing the production yield on a 
compact or dilute copper target[33], or by examining the 
fragment decay observed with a segmented track detector[26]. 
All these experiments rule out the decay model. 
Gasparian and Grigashuili[30] studied about 50,000 
collisions of carbon projectile at 3.4 A GeV by dividing the 
data into two groups. One type having one proton and one 
multi-charge fragment which is called topology-one event. The 
other type having charged meson or high energy charged 
particle which is called other topology event. The 
authors[30] have observed a strong anomalous effect in 
topology-one events, whereas in the other topology events, no 
anomalous effect was observed. 
On the theoretical side[34,35], a number of suggestions 
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have been made to explain the existence of the anomalons. 
Some of these suggestions are conventional, making use of the 
well established ideas in nuclear and particle physics while 
others are highly exotic, explaining the novel phenomenon in 
terms of the colour polarization of quarks. As in any other 
new field, most of the ideas are rather speculative and are 
based on some empirical or theoretical foundations. 
In this chapter, the results of the search for the 
1 ? PR 
anomalons using two emulsion stacks exposed to C and Si 
beams having energy of 4.5 GeV per nucleon are presented. The 
interaction mean free path for Z = 2 fragments has been 
estimated and its dependence on the distance from the point 
of emission, on the target excitation and the production 
angle is examined. 
3.2 Identification of relatlvlstic (^particles 
Relativistic o(-particles emitted from the primary 
interaction within a very narrow forward cone (discussed in 
Chapter II) were followed until they interacted or left the 
stack. It may be noted that the tracks of the relativistic 
charged particles having nearly the same ionization could be 
excluded by examining the variatin of the grain densities 
along their paths. An interaction was accepted if at least 
one additional track was emitted accompanying an unusual 
change in the direction of dtparticles. Emission 
characteristics of the interactions caused by the secondary 
oC-particles were found to be similar to those of the 
interactions induced by the primary particles. 
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3.3 Experimeni;al results 
3.3.1 Mean free path of primary particle 
The mean free path of a projectile nucleus of a given 
charge Z is 
•X= S / N (3.1) 
where S is the total path length followed and N is the number 
of interactions observed. For a homogeneous beam of nuclei of 
charge Z, the distribution of the interaction distance x is 
exponential[36]: 
f(x) = X^ Exp (- X /;\) (3.2) 
In this case "^i appearing in Eq.(3.1), is the mean free path. 
This estimate is essentially independent of the location of 
the track segment in which "X is measured. 
Mean free paths for **C- and Si-emulsion interactions 
are calculated using Eq.(3.1) and are found to be 
(13.72±0.36) and (9.64*0.23) cm for carbon and silicon 
projectiles respectively. The value of the mean free path for 
carbon compares fairly well with the values obtained by 
various workers[ll and reference therein]. 
Variation of the interaction mean free path of the 
primary nucleus with charge is plotted in Fig.3.1 using the 
results reported by various workers[15,19,37-39] for 
different projectiles. The dependence of the mean free path 
of a projectile on its charge can be parameterized with the 
help of the following relation: 
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Fig. 3.1 Variation of mean free path with char/re 
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Fig.3.2 Variation of mean free path with distance. 
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>= AZ"^ (3.3) 
where "X is the mean free path of the projectile of charge Z, 
and A is the charge independent mean free path. The values of 
A and b are found to be (25.52±1.06) and (0.36±0.03) 
respectively. These values are incidentally in reasonable 
agreement with those reported by Barber et al[9] and are in 
marked disagreement with those reported by Friedlander et 
al[8]. 
In Fig.3.2, the values of ^ , obtained for the primary 
beam of a given charge, are plotted as a function of the 
distance, D. The lines shown represent the average values of 
the interaction mean free paths for both the projectiles. 
There is, however, no evidence for the anomalous behaviour at 
short distances along the path of the primary particle. 
3.3.2 Mean free path for Z = 2 fragments 
To examine the behaviour of the interaction mean free 
path as a function of distance D from the interaction vertex, 
the tracks were divided into successive 1 cm intervals. All 
the target segments lying within the same interval were added 
together and divided by the total number of interactions 
lying in that interval. 
In order to examine the dependence of the interaction 
mean free path on Nj^ , the data are divided into two distinct 
Njj-intervals, namely, Njj ^  6 and Nj^  > 6. The distributions of 
the mean free paths of the secondary He-fragments for 
different Nj^ -interval as a function of the distance from the 
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point of interaction, D, for carbon and silicon projectiles 
are shown in Figs.3.3 and 3.4. The dashed lines in the 
figures represent the average values of the mean free paths 
in a particular interval. It may be noticed from the figure 
that there is no evidence for the existence of the anomalons 
in both types of disintegrations, Njj ^  6 and N|^ >6. In order 
to examine the presence of anomalons over short distances in 
different Nj^-intervals, the mean free paths are calculated 
for D 4 3.0 cm and D > 3.0 cm. These values are tabulated in 
Tables 3.1 and 3.2. No significant difference in the values 
of the mean free paths for D ^ 3.0 cm and D > 3.0 cm has been 
observed. The average values of the mean free paths for Z = 2 
fragments in the present study are observed to be (20.8±1.6) 
and (20.1±1.2) cm respectively for carbon and silicon 
projectiles, which compare fairly well with the 
corresponding value of (20.83±0.52) cm reported by El-Nadi et 
al[40] for the incident He-nuclei having primary energy 2.1 
GeV per nucleon. 
Judek[41] has observed that the mean free path depends 
on the production angle for Z = 1 fragments. An attempt is, 
therefore, made to examine the dependence of the mean free 
path on the production angle in the case of Z = 2 fragments. 
Plots of the mean free path as a function of the distance for 
0 ^ 2°and 0 > 2°are shown in Figs. 3.5 and 3.6 for carbon and 
silicon projectiles. The mean free path is found to be 
essentially independent of the production angle. The values 
of the mean free paths for Z = 2 fragments for D 4 3.0 and D 
> 3.0 cm as a function of the production angle are listed in 
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Table 3.1: Mean free paths (in cm) of Z - 2 fragments 
produced in ^^C- and '^Si-emulsion interactions 
Becun 
12c 
Y) >y 0 
20.811.6 
20.111.2 
Dis tance from o r i g i n 
D ^ 3.0 
20.512.4 
21 .212.3 
(cm) 
D > 3.0 
21.012.1 
19.611.5 
Table 3.2: Mean free paths (in cm) of projectile fragments of 
charge Z = 2 produced in ^^C and ^®Si beams for f^^^ =0, Nj^  ^ <6 
and N}^  > 6. 
Distance from origin (cm) 
Beam Nj^  bins D:j,0 D^3.0 D > 3 . 0 
12c 
28s. 
Nh = 0 
Nhs< 6 
Nh > 6 
Nh = 0 
Nhv< 6 
Nh > 6 
21.3+3.0 
21 .712.0 
20.512.7 
20.512.2 
20.411.5 
19 .612.0 
21.715.3 
20 .913.0 
20 .713.1 
20.414.5 
21.112.8 
21.412.9 
21.014.2 
22.312.7 
20.313.6 
20.613.0 
20.0±1.8 
18.712.3 
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Fig.3.5 Mean free path vs distance from ^the 
production point for Z=2 fragments of ^ de-
nude! emitted in different interval of 
production angle. 
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Table 3.3. The values of the mean free paths in the two 
intervals of the distance within the statistical error 
limits are found to be the same. 
3.4 Conclusion 
We conclude that the Z = 2 fragments do not manifest any 
anomalous behaviour over any distance from the production 
point. Furthermore, we do not find any projectile mass 
dependent anomaly in the mean free paths at the same incident 
energy per nucleon. 
6B 
Table 3.3= Mean free paths (in cm) of He-fragments at 
different distances from the origin for different production 
17 7ft 
angles, in '^^ C- and Si-emulsion interactions. 
Production Distance from or ig in (cm) 
Beam angle D ^ 0 D < < 3 . 0 D > 3 . 0 
12c 
2 8 s i 
0 ^ 2 " 
0 > 2° 
2 0 . 4 ± 1 . 7 
2 0 . 2 ± 1 . 9 
1 9 . 9 1 2 . 7 
2 2 . 9 ± 2 . 9 
2 0 . 7 + 2 . 1 
1 9 . 0 ± 2 . 1 
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CHAPTER IV 
Inelastic interactions caused by carbon and 
silicon nuclei 
72 
4.1 Introduction 
Study of nucleus-nucleus interactions at relativistic 
energies have attracted the attention of high energy 
physicists during the recent years due to the realizationCl-
5J that such studies might provide an opportunity for the 
search of possible manifestation of the collective properties 
of high density nuclear matter and the scale invariance in 
the collisions of composite systems[6]. 
With the availability of beams of relativistic heavy-
ions at the Lawrence Berkeley laboratory(LBL), Berkeley, USA 
and the Joint Instiute for Nuclear Research(JINR), Dubna, 
USSR, it has become possible to investigate the 
characteristics of heavy-ion collisions at relativistic 
energies. Until recently, studies on nucleus-nucleus 
collisions were considered to be rather messy affair owing 
to the complicated nature of the interactions and due to the 
fact that theoretical models did not exist to explain the 
experimental data. However, with the commissioning of heavy-
ion accelerators during the last two decades, many new and 
important developments have taken place in high energy heavy-
ion physics. 
The mechanism of multiparticle production of secondary 
particles in relativistic heavy-ion collisions is believed to 
be similar to that of hadron-hadron and hadron-nucleus 
interactions at high energies. By analyzing nucleus-nucleus 
interactions, one may also be able to obtain useful and 
interesting information about the behaviour of nucleons 
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interacting collectively at relativistic energies. 
Furthermore, from such studies one may be able to Investigate 
the nature of highly compressed phases of nuclear matter. It 
may be interesting to mention that currently the high energy 
nucleus-nucleus collisions are perhaps the only source to 
subject nuclear matter to such abnormal conditions. 
In this chapter, results on the general characteristics 
of the interactions caused by carbon- and silicon-nuclei of 
primary momentum 4.5 GeV/c per nucleon with emulsion nuclei 
are presented. Results obtained from the study of the 
interactions caused by other projectiles having the same beam 
momentum are also presented. For this purpose, random samples 
consisting of 852 events of carbon and 1024 interactions 
produced by silicon nuclei are used to investigate the 
multiplicity, compound multiplicity and projectile fragment 
distributions, correlations among various multiplicity 
parameters, moments of relativistic charged particle 
multiplicity distributions, KNO scaling and angular 
distributions of secondary charged particles. 
4.2 Multiplicity of secondary particles 
Multiplicity, defined as the number of particles produced 
in an interaction, is considered to be a useful parameter for 
its study may yield significant information about the 
production mechanism. However, most of the detecting devices 
record only the charged particles that are produced. 
Multiplicity is also regarded to be a useful parameter in the 
study of multiparticle production process in heavy-ion 
lU 
collisions. It also serves as one of the sensitive tools for 
checking the predictions of different phenotnenological and 
theoretical models. 
4.2.1 Multiplicity distributions 
As already discussed in Chapter II, shower (tninimum 
ionizing particles) tracks are mostly due to pions, created 
as relativistic particles, in carbon- and silicon-emulsion 
interactions at 4.5 GeV/c per nucleon. Grey tracks are 
produced by relatively slower particles consisting of 
protons, deuterons, tritons, alpha-particles and some slow 
mesons. Black tracks are due to slow particles and 
evaporated fragments. Grey and black tracks considered 
together are termed as heavily ionizing tracks. 
Multiplicity distributions of grey, black, shower and 
heavily ionizing tracks produced in carbon- and silicon-
emulsion interactions at 4.5 GeV per nucleon are compared 
with the corresponding distributions obtained for proton-
emulsion[7] and ot-emulsion[8] interactions at the same energy 
per nucleon; these distributions are shown in Figs.4.1-4.4. 
1 P It may be seen in Fig.4.1 that the Ng-distributions in ^^C-
and ^Si-emulsion interactions are appreciably enriched by 
the events of relatively higher multiplicities than those 
observed in the case of proton- and otemulsion interactions 
at the same incident energy per nucleon. However from 
Fig. 4.2, it is noticed that the N^ ,- distributions remain the 
same in nucleus-nucleus collisions for all projectiles 
considered. The Ng-distributions, plotted in Fig.4.3, exhibit 
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b'lu.4.1 Multiplicity distribution of grey tracks emitted in p-, o(; , 
'^^ C- and '^ ^^ yi-Em £in interactions at 4.b A GeV/c. 
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20 
28si 
I2c 
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• P 
Nb 
l«ig.4.Ii Multiolicity distribution of black tracks protlucetl In p, 
ds-, ^^C- and ^°Si-Em interactions at 4.5 A (JOV/O. 
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Fig.4.3 Multiplicity distribution of shower tracks produced in p 
W-. C- and ^°Si-Em interactions at 4.6 A GeV/c. 
78 
Fig.4.4 Multiplicity^distribution of heavily ionizing tracks emitted 
in P-, dt, •'^'^C- and ^"Si-Em interactions at 4.5 A GeV/c. 
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that the shape of the distribution changes appreciably with 
increasing projectile mass; the distribution tends to become 
broader with increasing projectile mass. The number of events 
of comparatively lower values of Ng decreases with increasing 
projectile mass. 
In Fig. 4.4, small dips in Nj^  -distributions are observed 
for ^^C- and ^^Si-emulsion events at Nj^  " 2 - 3. It is 
interesting to mention that a similar behaviour of the N^-
distribution has been observed by Chernov et al[91 in their 
study of N-emulsion interactions at 2.1 GeV per nucleon. 
4.2.2 Mean multiplicity 
Mean multiplicities of the charged secondary particles 
for both •'^ C^- and ^^Si-emulsion interactions at 4.& GeV per 
nucleon are listed in Table 4.1, alongwith the results 
reported by other workers[7-15] involving different 
projectiles at various incident energies. It is noticed from 
the table that the average multiplicity of the singly charged 
relativistic particles grows rapidly with increasing mass of 
the incident nucleus. It may also be seen from Table 4.1 that 
<Ng> increases with Increasing mass of the projectile. This 
trend can be explained in terms of the predictions of the 
fire-ball model[16]; this model predicts that the number of 
the participant nucleons should increase due to increasing 
volume of the cylinder cut in the target by the projectile. 
This volume increases with increasing mass of the projectile 
and consequently the average number of the grey particles 
should increase. The value of <N|g>, within the stated errors, 
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Table 4.1'. Mean multiplicities of different charged 
secondaries emitted in nucleus-nucleus collisions for 
different projectiles at various energies. 
Energy Projectile <Ng> <Nb> 5 Ref 
4 . 5 
3 . 6 
3 .6 
4 . 5 
4 . 5 
2 . 1 
4 . 5 
4 . 1 
4 . 5 
P 
d 
oC 
oC 
C 
N 
0 
Ne 
S i 
2 . 8 1 ± 0 . 0 6 
2 . 3 4 1 0 . 0 7 
4 . 6 4 ± 0 . 1 7 
4 . 7 0 ± 0 . 2 0 
5 . 9 3 ± 0 . 3 4 
5 . 2 9 1 0 . 3 1 
7 . 6 0 1 0 . 6 0 
7 . 5 8 1 0 . 2 3 
6 . 5 9 1 0 . 2 6 
3 . 7 7 1 0 . 0 8 
5 . 7 8 1 0 . 1 5 
4 . 6 8 + 0 . 1 5 
4 . 7 0 + 0 . 2 0 
4 . 4 9 1 0 . 2 4 
4 . 5 7 1 0 . 2 2 
4 . 8 8 1 0 . 2 9 
7 . 6 3 1 0 . 1 7 
4 . 6 9 1 0 . 2 3 
1 .6310 .02 
3 . 0 8 + 0 . 0 5 
3 . 8 6 + 0 . 0 8 
3 . 9 0 + 0 . 1 0 
7 . 6 7 + 0 . 1 9 
Q.Qb+0.23 
1 0 . 5 0 + 0 . 6 0 
8 . 3 8 + 0 . 2 2 
1 1 . 2 6 1 0 . 3 3 
7 
8 
8 
9 
* 
11 
13 
10 
t 
* Present work 
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is observed to be independent of the mass of the projectile 
as well as the energy of the incident nucleus. 
Variations of <Ng> and <Ng> with projectile mass at 4.5 
GeV per nucleon are shown in Figs.4.5 and 4.6; the solid 
lines in these figures can be represented by the following 
equations: 
<Njj> = const. A*^  (4.1) 
where x represents shower or grey particles. The best fit 
values of oC are 0.610+0.043 for the variation of the average 
shower particles with the projectile mass and 0.332±0.022 for 
the variation of mean multiplicity of grey particles with the 
projectile mass. 
Fig.4.7 shows the variations of D/<Ng> with the number 
of grey tracks for carbon- and silicon-emulsion collisions, 
where D represents the dispersion defined as 
[(<Ng2>-<Ns>2)^/2]; D/<Ng> varies with Ng in the following 
fashion; 
D/<Ns> = a (Ng)^ (4.2) 
where the values of a and b are found to be 0.834±0.127, 
-0.36210.051 and 1.081±0.117, -0.49710.072 respectively for 
carbon- and silicon-emulsion collisions. It may be noted 
that D/<Ng> decreases with increasing Ng. This result is at 
odds with the predictions of the collective tube model[17] 
and favours the models which take into account the repeated 
collisionstlS]. It may be of interest to mention that the 
collective tube model predicts that D/<Ng> remains constant 
with Ng. Similar results have also been obtained in the case 
82 
Mass number (A) 
Fig.4.5 Average multiplicity of relativistic charged 
particles as a function of projectile mass. 
The solid line discussed in the text. 
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Mass number (A) 
Fig.4.6 Average multiplicity of grey particles as a 
function of projectile mass. The solid line 
discussed in the text. 
84 
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Fig.4.7 Variation of D(Ng)/Ng as a function of number 
of grey tracks. 
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of proton- and pion-nucleus interactions[19 J at high 
energies. 
4.2.3 Mul-biplicity correlations 
Several workers[7,8,20,21] have attempted to investigate 
the multiplicity correlations of the type <Nj^ (Nj)>, where N^, 
Nj= Ng, N^, Njj, Ng", where i ^  j, over widely different 
energies using different projectiles. We have also attempted 
to study the multiplicity correlations for the three 
projectiles-- proton, carbon and silicon; these correlations 
have been nicely fitted by using the linear relation: 
<Ni(Nj)> = a^j + bij Nj (4.3) 
(i i j) 
in the full range of NJ variation except the <Njj>-Ng and 
<Ng>-Nj^  correlations which have been observed to be non-
linear ones. In Fig. 4. 8, the variations of <N^ j>, *^ Ng> c»i»d 
<Njj> with Ng are shown for all the three projectiles, whereas 
in Fig. 4.9 the variations of <Ng> with Nj^ , Ng and N^ are 
shown for the three projectiles at 4.5 GeV per nucleon. From 
these figures the following conclusions may be arrived at: 
(i) in the case of p-emulsion interactions there is 
practically no dependence of <Ng>, <N^ j> and <^\^ "^n Ng, 
signifying the fact that the number of shower particles 
produced in an event is independent of the target excitation. 
But in the case of carbon-emulsion interactions these 
parameters, <Ng>, <N^> and <N^>, are observed to depend 
strongly on Ng. Similar trend is visible in the case of 
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Fig.4.9 Multiplicity correlations of 
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silicon-emulsion collisions also. 
(ii) there are negative correlations between <Ng> with Ng and 
NL in the case of p-emulsion interactions, whereas in the 
case of carbon- and silicon-emulsion reactions, the 
correlations are strong and positive. Similarly, the 
variation of <N5> with the number of heavily ionizing 
particles in the case of p-emulsion interaction is weak and 
negative. But in the heavy-ion collisions, namely, carbon and 
silicon, the variations in the correlations are moderate and 
positive. The values of the parameter h^i for the above 
correlations are given in Table 4.2. It may be observed from 
the table that the variation in the values of <N^ > with N_, 
B 
no 
N{j and Nj^  are faster for Si-emulsion interactions in 
comparison to C-emulsion interactions. 
Variations of <N^ j> with Ng and <Ng> with H^ are plotted 
for proton-, carbon- and silicon-emulsion interactions at 4,5 
GeV per nucleon in Fig.4.10. It may be seen in the figure 
that <Ng>-N^ correlation gets saturated beyond Nj^ ~^12 for 
proton and N^ j~16 for the heavy-ion reactions. Furthermore, 
the <N^ j>-Ng correlation saturates beyond Ng~16 for carbon-
and silicon-emulsion interactions. However, in the case of 
proton-nucleus collisions N^jj>-Ng correlation does not 
saturate. Similar type of saturations have been reported by 
Stenlund and Otterlundt22] for proton- and pion-nucleus 
collisions over a wide range of incident energies. It has 
been pointed out by these workers that the saturation in 
these correlations should occur because the energy of the 
struck nucleus becomes so large that there is no way to 
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Table 4.2: Values of the slope coefficients (b^j) in multiplicity 
correlations in proton-, carbon- and silicon-emulsion interactions. 
Ns 
Ng 
Nb 
Nh 
Projec-
tiles 
P 
C 
Si 
P 
C 
Si 
P 
C 
Si 
P 
C 
Si 
<Ns> 
-0.10±0.01 
0.55±0.03 
1.17±0.12 
-0.02t0.01 
0.49±0.03 
0.84±0.09 
-0.03+0.01 
0.32±0.01 
0.81±0.02 
<Nc> 
-0. 
0. 
0. 
0.44t0.02 
0.87±0.14 
1.23+0.14 
0.38±0.01 
0.76±0.02 
1.21±0.06 
<Ng> 
01+0.04 
45±0.01 
55+0.03 
0. 
0. 
0. 
<Nb> 
02i0.02 
32+0.01 
,53t0.05 
0. 
0. 
1, 
<Nh> 
,03±0.04 
.75±0.02 
,13±0.07 
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Fig.4.10 Multiplicity correlations of <Njj> 
with Ng and <^a> "ith Nt, for p-, 
l^ C ana •^ °Bi-Em interactions. 
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dispose it off except by undergoing complete destruction. In 
such a situation, it is expected that: 
(i) emitted products may have higher energies than the 
particles envisaged to be produced through the evaporation 
process, which in turn results in the increase of the grey 
particle multiplicity and 
(ii) relatively heavier fragments might be produced during 
the evaporation process, thereby, causing a decrease in the 
multiplicity of the black tracks. It means that the <;Np>-N|^  
and <N^ j>-Ng correlations are insensitive to the projectile 
mass in the case of nucleus-nucleus collisions. 
4.3 Compound multiplicity 
Most of the experiments on hadron-nucleus and nucleus-
nucleus collisions have been carried out to investigate 
mainly the characteristics of shower particles and very 
little attention has been paid so far to the study of the 
features of grey particles envisaged to arise from the 
target. It is interesting to mention that the study of the 
emission characteristics of grey particles is of special 
significance because these particles are visualized to be 
produced during or shortly after the passage of the leading 
particles and hence are expected to remember a part of the 
history of these reactions[23]. Recently, Jurak et alL24] 
have examined the features of shower and grey particles 
taking together per event, without making any distinction 
between them, for the case of hadron-nucleus interactions; 
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t lie number of grey and shower particles taken together per 
event has been, termed as the compound multiplicity, N^{ = Ng 
+ N-,). Similar work has been done by Ghosh et alt20,25] for 
hadron-nucleus and nucleus-nucleus interactions. 
4.3.1 Compound mul-biplicity distribution 
Compound multiplicity distributions for p-, ^^C- and 
PR 
"^ "Si-emulsion interactions are shown in Fig. 4.11. It is seen 
that the compound multiplicity distribution rapidly becomes 
broader with increasing projectile mass. The values of the 
mean compound multiplicity and its dispersion obtained in the 
present study for the three projectiles are presented in 
Table 4.3. 
4.3.2 Compound multiplicity correlation 
Correlations among the average compound multiplicity and 
Njj and Njj are shown in Figs.4.12 and 4.13. The variations of 
<NQ> on N^ and Njj are reproduced reasonably well by a linear 
function {Eq. (4.3)}; these variations are exhibited in 
Figs.4,12 and 4.13. From these figures it is quite clear that 
the <Nj,>-N^ j correlation in the case of p-emulsion 
interactions is comparatively weak in comparison to the <N^>-
Njj correlation in the case of heavy-ion collisions. It may be 
noted that the <N^>-Nj^ correlation exhibits a similar 
behaviour. The value of the parameter bj^ j occurring in 
Eq.(4.3) are listed in Table 4.2. 
4.4 Multiplicity scaling 
During the recent years, many attempts[26-29] have been 
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Fig.4.11 Compound multiplicity distribution for p-, ^ ""C- and SiEm 
interactions. 
9^  
Table 4,3: Mean values of compound multiplicity and 
dispersion for proton-, carbon- and silicon-emulsion 
interactions. 
Projectiles 
P 
C 
Si 
<Nc> 
4.45+0.09 
13.60+0.33 
19.85±0.45 
D(N^) 
2.89±0.04 
9.53±0.23 
14.20±0.32 
95 
Fig.4.12 Variation of <N^> with Nj,. 
96 
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made to study the multiplicity distribution of charged shower 
particles produced in proton-proton, proton-nucleus and 
nucleus-nucleus collisions[20,30]. It has been observed that 
the probability distribution for the production of n 
relativistic charged particles exhibits a universal behaviour 
for all the interactions — p-p, p-A, and A-A. Hence one may 
express <n> Pj^  = Y(n/<n>), where P^^ is the probability of 
production of n charged particles, <n> represents the 
average number of charged particles and Yis some function 
of the variable, Z (= n/<n>). This behaviour of multiplicity 
distribution as a function of variable Z is referred to as 
KNO scaling after Koba-Nielsen-01esen[31]. The probability of 
observing n charged particles in p-p interactions is related 
to the scaling function ^ as [31] 
" -1 Fn = = <n> ^y(n/<n>) 
inel 
= <n>~^  y(Z) (4.4) 
where O—^ is the partial cross-section for producing n 
charged particles at a given centre of mass energy ys' and 
*'~T!nel ^^ ^^® total inelastic cross-section. 
Slattery[32] has proposed the following form for the 
scaling function: 
y(Z) = (AZ + BZ^ -»- CZ^ + bZ^) Exp(-EZ; l4.5; 
where A, B, C, D and E are constants. The values of these 
constants have been evaluated by Slattery[32] for p-p 
interactions in the energy range ~(50-303) GeV; the values of 
98 
A. B, C, D and E are 3.79, 33.7, -6.64, 0.33, -3.04 
respectively. 
Martin et al[33] have, however, observed that the 
charged shower particle multiplicity for proton-etnulslon 
interactions obeys a KNO type of scaling instead of an exact 
KNO scaling. Martin et alt33] have expressed the scaling 
function Y(Z) as: 
Yn,(Z)= (6.84Z + 26.ez^ - 2.12Z^ +0.16z'^ ) 
Exp(-3.28Z) (4.6) 
where YnjCZ) is the modified scaling function. 
The validity of the KNO scaling at different projectile 
energies have been debated by many workers having diverse 
opinions[34]. Recently, some workers[18,29] have attempted to 
examine the existence of the KNO-type scaling in nucleus-
nucleus collisions. 
A plot of Y^Z) versus Ng/<Ng>, where <Ng> is the 
1? 
average number of charged shower particles produced in "^^ C-
and^^Si-Em interactions, is shown in Fig.4.14. The solid 
curve in the figure is fitted with the following KNO-type 
scaling function: 
Y(Z) = (4.38Z + 1.50Z^ + 0.09Z^ + 0.03z'^ ) 
Exp{-2.70Z) (4.7) 
with *]jL/D.F. = 0.10. The values of the parameters appearing 
in Eq.(4.7) have been computed with the help of the CERN 
standard programme MINUIT. 
KNO scaling leads to a linear relation between the mean 
99 
Fi«.4.14 4^(Z) versus the scaling function Z for carbon 
and silicon projectiles. The solid curve 
representsthe KNO type scaling function. 
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number of relativistic charged particles and the dispersion. 
Variation of D as a function of average charged particle 
multiplicity with the corresponding values of <n.> for 
different projectiles is shown in Fig.4.15. From the figure 
it is clear that D Increases linearly with <n> which is in 
agreement with the KNO scaling law. 
4.5 Moaents of the Bultiplicity distribution 
The central moments of the multiplicity distribution 
are defined as 
where q = 1, 2, 3, 4, etc. The values of the central moments 
1 ? 28 
of the relativistic charged particles for p-, '^^ C- and Si-
emulsion interactions are given in Table 4.4. It is noticed 
from the table that the values of the central moments ( 2/^2 > 
3 j ^ and ^JJ^^ ) depend strongly on the projectile mass. 
The normalized moments of the relativistic charged 
particles defined as 
Cq = <Ns>/<Ng>*» (4.9) 
where <Ng> = Ng c'~~n'^  *'~T.nel ^^ ^^^ ^^^ moment of the shower 
particle multiplicity distribution, o—^ represents the 
partial cross-section for producing n charged particle and 
'^ '""Inel ^ ^ ^^® total inelastic cross-section. 
The values of C2. C3 and C4 for the three types of 
interactions are tabulated in Table 4.4. The values of these 
moments are observed to be constant within their styt. iGticai 
J imi ts. 
lOi 
J5 
10 
• Shower multiplicity 
X Compound multiplicity 
Flg-4.15 Variation of dispersion with <n> 
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Table 4.4: Moments of the multiplicity distributions of 
relativistic particles produced in proton-, carbon- and 
silicon-emulsion interactions. 
<N^> 
^ 2 
3^3 
^A 
C2 
^3 
^4 
proton 
1.63i0.02 
1.08±0.02 
0.98+0.01 
1.50±0.02 
1.44±0.14 
2.55±0.17 
5.97±0.46 
carbon 
7.67i0.19 
5.53±0.13 
5.28±0.13 
7.47*0.18 
1.52+0.16 
2.8910.08 
6.2310.07 
silicon 
11.26i0.33 
10.7010.24 
11.6810.26 
15.2010.34 
1.60t0.12 
2.8410.06 
6 . 2110. 06 
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4.6 Angular distributions of secondary particles 
Angular distributions of shower, grey and black tracks 
produced in the interactions of carbon and silicon ions with 
emulsion nuclei at 4.5 GeV per nucleon are displayed in Figs. 
4.16-4.18, These distributions are compared with the 
corresponding distribution for o(-emulsion interactions at 
the same incident energy per nucleon. The analysis of these 
distributions leads to the following conclusions: 
(i) The angular distribution of shower particles produced in 
'^ "Si-emulsion interactions compares fairly well with those 
obtained for carbon-emulsion interactions except in the small 
angular interval around the forward direction of the 
projectile. This, in turn, would indicate that the singly 
charged particles are copiously produced in the case of 
heavier projectiles. 
(ii) The angular distributions of the target fragments, grey 
and black particles, do not exhibit any peculiarity which 
can suggest the existence of shock wave phenomenon, 
(ill) A comparison of the angular distributions of shower, 
grey and black particles produced in -^ C^- and '^ "Si-emulsion 
collisions at 4.5 GeV per nucleon with the corresponding 
distributions obtained for o(reraulsion interactions at the 
same energy per nucleon[8], reveals that these distributions 
are essentially independent of the projectile mass. 
4.7 Multiplicity distributions of projectile fragments 
As already discussed in Chapter II, the fragments having 
momentum nearly equal to the beam momentum per nucleon and 
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flying in a narrow cone in the forward direction are 
projectile fragments. 
Multiplicity distributions of the fragments with Z = 1, 
2 and >/ 3 for carbon- and silicon-emulsion interactions at 
4.5 A GeV are shown in Fig.4.19. It is seen from the figure 
that the distributions for Z = 1 and ^ 3 fragments strongly 
depend on the projectile mass. However, the distributions for 
Z = 2 fragments exhibit a weak dependence on the projectile 
mass. 
It may be of interest to mention that the investigation 
of the dependence of the average multiplicity of the 
fragments on the projectile mass is of much physical 
significance. An attempt is, therefore, made to examine the 
dependence of this parameter on the projectile mass. Fig.4.20 
exhibits the variation of the average multiplicities for Z=l, 
2 and >/ 3 with mass number; data are taken from references[9, 
11, 35-36]. The solid lines in Fig.4.20 correspond to the 
following relation: 
<N2> = const. A^ (4.10) 
The best fit values of o( are 0.85±0.08, 0.53±0.05 and 
1.36±0.18 for the fragments having Z - 1, 2 and > 3 
respectively. 
4.8 Conclusions 
Based on the findings of the present study, the 
following conclusions may be arrived at: 
(1) Multiplicity distributions of grey tracks are appreciably 
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Fig.4.19 Multiplicity distributions of projectile fragments 
produced in '^^ C- and °^Si-Ein interactions. 
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enriched by the high multiplicity events with the increase in 
the projectile mass. This observation can be explained in 
terms of the fire-ball model. 
(2) Multiplicity distributions of the relativistic charged 
particles rapidly changes with increasing projectile mass. 
(3) The mean multiplicities of shower and grey tracks vary 
linearly with the projectile mass. 
(4) The mean multiplicity of black tracks is independent of 
the projectile mass as well as the incident energy. 
(5) There is no significant difference between the 
12 
multiplicity correlations of the particles produced in C-
and Si-emulsion collisions. However, one can say that the 
variations of the mean shower particle multiplicity, with the 
heavy, grey and black track multiplicities are faster in the 
pa 1 2 
case of ^°Si -emulsion interactions in comparison to ^^C-
emulsion collisions. But the correlations in p-emulsion 
interactions are often different from those of nucleus-
nucleus collisions. 
(6) The <Ng>-N^ and <N^ j>-Ng correlations are observed to 
saturate beyond N|j(Ng) ~ 16. 
(7) Compound multiplicity distribution changes rapidly with 
increasing projectile mass. 
(8) Shower particle multiplicity distribution in carbon- and 
silicon-emulsion collisions, are observed to obey a KNO-type 
scaling. 
(9) The central moments of the shower particle multiplicity 
distribution increase linearly with increasing mean 
I l l 
multiplicity. However, the normalized moments are found to 
be essentially independent of the mean multiplicity and the 
projectile mass. 
(10) The angular distributions of grey, black and shower 
tracks are practically independent of the projectile mass. 
(11) The multiplicity distributions for Z = 1 and ^ 3 are 
found to be strongly dependent on the projectile mass. 
However, the multiplicity distributions for Z = 2 fragments 
do not manifest any appreciable change with the change in the 
projectile mass. 
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CHAPTER V 
Pseudorapldl-ty and rapidity-gap distributions 
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5.1 Introduction 
Study of the angular characteristics of charged shower 
particles produced in nucleus-nucleus interactions is 
expected to yield some useful information about the 
production mechanism of the secondary particles. It may be 
mentioned that the angular characteristics of relativistic 
charged particles produced in hadron-hadron and hadron-
nucleus interactions have been extensively investigatedri-6], 
whereas much work has not been done to study the problem in 
the case of nucleus-nucleus collisions. 
Angular characteristics of charged shower particles 
produced in nucleus-nucleus collisions at relativistic 
energies are Investigated in terms of the rapidity variable, 
Y, defined as 
1 E + PL 
Y = — In (5.1) 
2 E - PL 
where E and PL are the energy and longitudinal momentum of 
the shower particles respectively. Since majority of the 
shower particles are pions with a mean transverse momentum 
~0.4 GeV/c with PL>>P'I'>> m » where p^ and m denote 
respectively the transverse momentum and mass of the pion, 
therefore, Eq.(5.1) would become: 
>J ?i Y J* - In tan 9/2 (5.2) 
where 9 is the emission angle of a charged shower particle 
with respect to the mean direction of the primary in the 
laboratory frame and ^ is referred to as its pseudorapidity. 
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This chapter deals mainly with the study of ^ -
distributions and its related parameters such as 
dispersion, shower width distribution, etc. Results based on 
the studies of the rapidity-gap correlations and the 
production mechanism of heavy clusters have also been 
presented in this chapter, 
5.2 Experimental results 
Random samples involving 852 and 1024 events produced in 
carbon- and silicon-emulsion interactions respectively at 4.5 
GeV per nucleon have been analyzed to study the above stated 
problems in detail. Following criterion has been adopted to 
select the shower tracks for the analysis. Shower particles 
having space angles less than 0o in the laboratory frame; 
where the values of Go are 2.00 and 3.42* for carbon- and 
silicon-emulsion interactions respectively, are not included. 
This has been done to exclude the contribution of the 
projectile fragments. 
5.2.1 Dependence of pseudorapldity distribution on the 
projectile mass 
In order to examine the dependence of ^-distribution on 
the projectile mass, the ^-distributions for the two 
projectiles— carbon and silicon nuclei— both at 4.5 GeV per 
nucleon are plotted in Fig.5.1. It is seen from the figure 
that the shapes of the '^-spectra are practically similar for 
carbon- and silicon-emulsion interactions. However, the 
excess of the particles arising due to an increase in the 
projectile mass tends to appear only in the central region of 
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x>|-o 
Fig.5.1 Pseudorapidity distributions of shower 
particles produced In 4.5 A 6eV carbon- and 
silicon-nucleus interactions. 
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the rapidity space. Hence, it may be stated that the ^ -
distributions in the target fragmentation region are almost 
independent of the projectile mass. Similar results have also 
been obtained[l-3] in the case of high energy hadron-nucleus 
collisions, 
5.2.2 Dependence of \-spectrum on Ng 
Dependence of the ''^ -distribution of charged shower 
particles with star size is investigated by dividing the 
entire data in different Ng-bins, i.e.,Ng = 0, 1, 2-3, 4-5, 
6-8 and ^ 9. The ^-distributions for different N ,-bins at 
4.6 GeV per nucleon projectile energy for carbon and silicon 
nuclei are displayed in Figs,5.2 and 5.3. It is clear from 
the figures that the maxima of the ^spectra shift towards 
lower values of ^ with increasing target thickness. It may 
be of interest to mention that the behaviour of the ^-
distributions for different effective target thicknesses are 
similar to those observed for hadron-nucleus collisions[4-6]. 
This result supports fairly well the predictions of the 
coherent tube model[7]. 
5.2.3 Dependence of <^ > on Ng, Ng and Njj 
Variations of the average value of pseudorapidity of 
charged shower particles, <^>» produced in carbon- and 
silicon-emulsion interactions with Ng, Ng and Ny^  are shown in 
Figs.5.4(a) and 5.5(a). It is interesting to note from the 
figures that <^> decreases monotonically with increasing N-, 
Ng and Nj^ . <'^> versus In Ng and In N^ plots are exhibited in 
119 
'1^ 1.0-
Fig.5.2 "^-distributions for different N 
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Interactions. 
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Fig.5.3 "J-spectra for different Ng-bins of 
'Si-Em interactions. 
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Figs.5.4(b) and 5.5(b) and a linear relationships between <^ > 
and In Ng, In Nj^  are observed. It may be noted that in the 
case of high energy hadron-nucleus interactions, similar 
results have been observed[4-6], This observation is 
incidentally inconsistent with the predictions of the tube 
type models. 
5.3 Analysis of dispersion of rapidity 
It has been suggested by Berger et al[8] that the 
rapidity dispersion parameter for the individual events can 
be used to measure the clustering of the produced particles 
along the longitudinal rapidity axis at high energies. 
Following this suggestion, dispersion for each event is 
calculated using the relation: 
1 ^s 
D(V[) = H r<^ - \)2]l/2 (5.3) 
Ng-l 1=1 J 
1 Jk 
where <^>= — > *l^  
Berger et al[8] have also suggested that the events 
having D(^ ) ^  0.9 correspond to the production of a single 
isotopic cluster. 
5.3.1 Distribution of rapidity dispersion 
Fig.5.6 shows the frequency distribution of rapidity 
dispersion for carbon- and silicon-emulsion collisions at 4.5 
GeV per nucleon. It may be seen from the figure that the peak 
of the distribution shifts towards lower values of dispersion 
with increasing projectile mass. The percentages of the 
events having D(^) ^ 0.9 are 70.69±2.19 and 68.80±2,00 
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12, Fig.5.6 Frequency distribution of dispersion for ^^C- and 
Si-emulsioD interactions 
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respectively for carbon- and silicon-emulsion interactions. 
Thus, the probability of the events slightly decreases with 
the increase in the projectile mass. On the basis of the 
above observation, it may be stated that clusterization 
occurs significantly in both carbon- and silicon-emulsion 
reactions. 
5.3.2 Variation of <D(^)> with N^ 
Variation of the average dispersion of ^-distribution 
<D(^)> of the charged showdr particles with Ng are pjotted in 
Figs.5.7(a) and 5.8(a) for carbon- and silicon-emulsion 
collisions. It may be seen from these figures tliat <D(^ )> 
does not exhibit any appreciable change with increasing N^, 
except in the region of small values of N^, where a lar^e 
part of the cross-section is envisaged to be governed by the 
peripheral collisions with probably one intranuclear 
nucleon. It is also observed that nearly all the data points 
lie below the line satisfying the condition <D(^)> ^ 0.9. 
An attempt is made to examine the behaviour of the 
dispersion of the rapidity dispersion(U). If D( ^  ) is a 
measure of the clusterization, O is a measure of the 
fluctuations in the cluster widths in the rapidity space. The 
dispersion of the rapidity dispersion is defined as 
CO = [ ^ ( <D> - Di)^ ]^^^ (5.4) 
N-1 i=l 
where N represents the number of events. It may be noted that 
Figs. 5.7(b) and 5.8(b) are <i; versus Ng plots. The solid lines 
in these figures correspond to the following equations: 
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N. 
Fig.5.7(a) Variation of <D(^)> as a function of 
Ng for ^^C-Em interactions. (b) P 
versus Ng plot. The solid curve is 
the best fit of the data using 
Kq.{5.5). 
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28c Fig. 5.8(a) Variation of <D(*|^ )> versus Ng for ^"Si-Em interactions, 
(b) if versus Ng plot. The solid curve is the best of 
Eq.(5.6) to the data. 
no 
O = {0.80±0.09) a i-0-^0±0-Z0) (5.6) 
to = (0.98±0.08) li i-0-^^t0-^^) (5.6) 
Eqs.(5.5) and (5.6) correspond to the best fits to the data 
for carbon- and silicon-emulsion interactions respectively. 
The multiperipheral model predicts that to and N^ should 
satisfy the following relationship: 
We have compared the results of the present study with the 
predictions of the multiperipheral model and find that the 
two results are in reasonable agreement with each other. This 
shows that the particles, especially at high multiplicities, 
might be emitted via cluster formation under multiperipheral 
scheme. 
5.4 Shower width distribution 
The shower width of an event is calculated using the 
following relation: 
R = ^ - \ (5.8) 
where ijj and LL ^ re respectively the maximum and the 
minimum pseudorapidity values in an event. The shower width 
distributions for carbon- and silicon-emulsion interactions 
are shown in Fig.5.9. It may be seen from the figure that the 
peak of the distribution slightly shifts towards a lower 
value of R as the projectile mass decreases. It is also 
observed in the figure that the space occupied by the 
charged shower particles in silicon-emulsion interactions is 
comparat-ively larger than those occupied by the charged 
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Fig.5.9 Shower width distributions in carbon-
and silicon-emulsion interactions at 
4.5 A GeV. 
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secondaries in carbon-emulsion collisions. The shower width 
distributions for various Ng-bins for carbon and silicon 
projectiles are displayed in Fig.5.10. It may be noticed in 
the figure that the peaks of the R-distributions shift 
towards higher values of R with increasing projectile mass. 
The shifting of the peaks of the R-distributions towards 
higher values of R with increasing projectile mass can be 
explained in the light of the fact that the shower particles 
produced with larger angles would tend to appear in the 
target fragmentation region with Increasing projectile mass. 
5.5 Mechanism of cluster formation 
During the recent years, several attempts have been made 
to investigate the mechanism of multi-hadron production in 
high energy hadron-hadron[9-12], hadron-nucleus[13-15] and 
nucleus-nucleus[16,17] collisions. The idea of the cluster 
formation in the intermediate stage of multiparticle 
production in high energy hadronic interactions has attained 
wide acceptability. It has been experimentally observed[18] 
that the fast pions produced in an interaction are correlated 
amongst themselves. The observed correlations amongst the 
secondary pions may be attributed to the double step 
mechanism; i.e., subsequent to a collision, massive hadronic 
systems, like clusters, resonances or fire-balls are formed 
which finally decay into the real physical particles. It is 
interesting to mention that some useful and significant 
information regarding particle production through the decay 
of clusters may be gleaned by examining the behaviour of the 
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Fig. 5.10 Shower width dUlstributlons in various N^-bins for carbon- and 
s i l i con-emuls ion i n t e r a c t i o n s . 
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distribution of the rapidity difference between the nth 
nearest neighbours. 
5.5.1 Rapidity-gap correlation 
In order to examine n-particle correlations, the charged 
shower particles in each event are arranged in the decreasing 
order of their pseudorapidity values and the differences 
between the consecutive particles are calculated. Several 
investigators[9-18] have reported that the rapidity 
difference distributions in high energy hadron-hadron, 
hadron-nucleus and nucleus-nucleus interactions may be 
represented satisfactorily by the two-channel generalization 
of the Snider model[ll]. According to the model, the rapidity 
density may be expressed as 
dn/dr = A Exp(-Br) + C Exp(-Dr) (5.9) 
where A, B, C, and D are constants and dn/dr represents the 
cluster density. The first and the second terms of Eq.(5.9) 
correspond respectively to the short- and the long-range 
correlations. 
Rapidity-gap distributions between adjacent charged 
shower particles for carbon- and silicon-emulsion 
interactions are shown in Fig. 5.11. A sharp and clear peak 
at a relatively smaller value of rapidity-gap is observed in 
Fig.5.11, indicating thereby the presence of two-particle 
correlations. The theoretical curve in the figure 
represented by solid line is drawn by using Eq.(5.9) for the 
data on silicon-emulsion interactions. It may be mentioned 
that in order to avoid confusion, the curve corresponding to 
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Fig.5.11 Two-particle rapidity-gap distributions for carbon 
and silicon projectiles. The solid curve is drawn 
using Eq.(5.9). 
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Eq.(5.9) for carbon-emulsion collisions is not shown in the 
same figure. The dash-dot lines in the figure are the 
individual contributions of the two exponential terms. It 
may be noticed from the figure that the dash-dot line 
representing the contribution of the short-range correlation 
almost coincides with the solid curve in the region of lower 
values of the rapidity-gaps, whilst the dash-dot line 
representing the contribution of the long-range correlation 
is significantly far away from the solid curve in the region 
of lower rapidity-gap values. This indicates that the major 
contribution to the two-particle correlation comes from the 
short-range correlation, while the contribution of the long-
range correlation appears to be rather small. 
The values of the parameters A, B, C, and D occurring in 
Eq.(5.9) are computed with the help of the CERN standard 
programme MINUIT and the errors as given in MINOS. The values 
of these parameters are tabulated in Table 5.1 along with the 
values of 'p/DF, where DF represents the degree of freedom. 
On comparing the values of the parameter B and D obtained 
for -^ C^- and * Si-emulsion collisions at 4.5 GeV per nucleon, 
the values of these parameters are observed to be practically 
insensitive to the projectile mass. Incidentally, the values 
of these parameters compare fairly well with those 
reported[14,15] for hadron-nucleus interactions at high 
energies. Hence, it may be stated that the mechanism of 
multiparticle production in hadron-nucleus and nucleus-
nucleus collisions are probably the same. 
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Table 5.1: Values of various parameters occurring in Eq.{5.9) 
for ^^C- and ^^Si-Em interactions at 4.5 A GeV. 
Proj- A B C D -^ /DF 
ectile 
^^C 2.3812.17 6.52±1.31 0.5510.02 2.08+1.19 0.09 
2^ Si 4.72±4.31 6.55il.96 0.4810.02 2.2310.46 0.13 
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5.5.2 Rapidity-gap correlation in different Ng-intervals 
For examining the dependence of the cluster size on the 
grey particle multiplicity, Ng, the data are divided into 
different Ng-intervals, i.e., Ng= 0, 1, 2-3, 4-5, 6-8 and >9. 
Rapidity-gap distributions between adjacent charged 
shower particles for various Ng-intervals for carbon- and 
silicon-emulsion interactions are exhibited in Fig.5.12. The 
occurrence of clear and distinct peaks at relatively smaller 
values of the rapidity-gaps, would indicate the existence of 
two-particle correlation. 
The solid curves in Fig.5.12 correspond to Eq.(b.9) for 
the silicon-emulsion interaction data. It may be seen from 
the figure that the contribution of the short-range 
correlation is comparatively more in comparison to the long-
range correlation. The values of the parameters A, B, C, and 
D occurring in Eq.{5.9) for all N_-intervals for carbon and 
silicon projectiles are listed in Table 5.2 along with the 
values of 'yj?/DF for each fit. 
5.5.3 Cluster size 
The rapidity-gap distributions can also be used to 
estimate the cluster size and the cluster density in the 
rapidity space. The cluster size can be determined by using 
the following equations[19J 
dn/dr «=* Exp(- omr) (5.10) 
for small values of r 
dn/dr ^  Exp(- ^ r) (5.11) 
for large values of r 
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Fig,5.12 Two-particle rapidity-gap distributions for different Ng-
intervals in carbon- and silicon-nucleus interactions. Tne 
solid curves are drawn using Eq.(5.9). 
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where p is the cluster density and m is known as the 
cluster multiplicity, defined as the number of showers in a 
cluster. The values of m, calculated using Eq.(5.10) for 
carbon- and silicon-emulsion interactions for all the events 
and for different Ng-intervals are listed in Table 5.3. The 
results obtained in the present study agree fairly well with 
the predicted value of m equal to 3.50 for 200 GeV pp 
ineractions[ll]. It is interesting to note that Ludlam and 
Slanskyt20] have reported the value of m equal to 4.0±0.8 at 
205 GeV/c and 3.5±0.8 at 300 GeV/c by the fluctuation and 
analysis method. Thus, these results tend to reveal that the 
cluster multiplicity is independent of the nature of the 
projectile. 
5.5.4 Short- and long-range correlations 
According to Sniderfll], if more than two charged 
particles result from the same cluster, then two consecutive 
short-gaps would occur in the rapidity space. Following 
Snider's suggestion, a small gap is defined to have r^^ ^  0.1 
and a large gap should satisfy the condition 0.8^r^ ^1.0. For 
testing the validity of this idea, the behaviour of the 
distributions of the gaps occurring next to the short- and 
the long-gaps (r^ + j,) are examined separately for both carbon-
and silicon-emulsion interactions. These distributions are 
plotted in Figs.5.13 and 5.14 for the gaps occurring next to 
the short- and the long-gaps. Clear and distinct peak.s are 
observed at relatively lower values of r^+j. The solid curve 
in the distribution of the gaps occurring next to the short-
U 2 
Table 5.3: Values of cluster multiplicity occurring in 
Eq.{5.10) for carbon and silicon projectiles 
at 4.5 A GeV. 
Carbon Silicon 
m tn 
a l l e v e n t s 
Ng=0 
V^  
Ng=2,3 
Ng=4.5 
Ng=6-8 
Ng > 9 
3 . 1 3 
3 .41 
4 . 2 0 
2 . 9 2 
3 . 6 1 
3 .95 
3 . 0 0 
2.94 
3.84 
3.85 
4.15 
3.10 
3.50 
3.81 
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I * I 
Fig.5.13 Distributions of rapidity gaps (r 
to a snail gap (rj|^  ^  0.1). The so 
is drawn using Eq.(5.12). 
ilJ' next curve 
UA 
c 
i*\ 
Fig.5.14 Dis-brlbutlons of rapidity gaps (^i-i-i) 
next to a large gap (0.8 ^ x^ 4 1 .0) . 
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gaps for silicon-emulsion interactions is represented by the 
following relation: 
dn/dr^+i = (4.19±2.26) Exp(-5.66±1.03)ri+j + 
(0.01±0.007) Exp(-0.83±0.25)ri^l (;>.12) 
and for carbon-emulsion collisions the following expression 
reproduces the data points well: 
dn/drjL + i = (3.601:3,80) Exp(-5. 33t5. 65)r^^^ + 
(0.59±1.01) Exp(-1.97+2.54)ri + ;^  (5.13) 
The lines drawn by dashes and dots in Fig. 5.13 are the 
contributions of the short-short and the short-long 
correlations. It may also be noted in Fig,5.13 that a major 
contribution to the correlation comes from the short-short 
correlation. Furthermore, it may be mentioned that the values 
of B are essentially the same for both carbon and silicon 
projectiles, 
5.5.5 Production of heavy clusters 
Adamovich et alt 19] have proposed a method for 
investigating the production mechanism of the heavy clusters 
in the interactions with charged shower particle 
multiplicity, Ng, nearly equal to the mean charged shower 
particle multiplicity, <Ng>, for the whole data. Tho rapidity 
interval "rj^  is defined as the difference of the rapidities 
of two particles in an event having n shower particles with k 
particles in between as: 
"^k = V k - 1 - \ (6.14) 
with l^i<n-k-l and 0^k(n-2. 
U 6 
In the present work, the values of <Ns> are found to bo 
7.6710.19 and 11.26±0.33 for carbon- and silicon nu-lf>nr 
collisions respectively. 
123 carbon-nucleus interactions having N^ . - 'I. H ;ind ^^  
and 93 silicon-nucleus interactions having N^ = 10, 11 nnd 12 
were selected for the present analysis giving 993 and 999 
12 ''8 
shower tracks respectively for •^ ''C- and '^  Si emnlsion 
interactions. 
According to Adamovich et al[19], the production of the 
fii-e-ball types of heavy clusters should manifest its effect 
most significantly in the distributions having k ^ ^2/2. In 
the present study, the values of <Ng> are approximately equal 
to 8 and 11 for carbon- and silicon-emulsion collisions 
respectively. Therefore, the presence of two-bump structures 
should occur in the distributions for k :}. 4 and k >/ 5 for 
carbon- and silicon-emulsion interactions, respectively. The 
distribution of the rapidity-gaps "rj^ for k = 0 to 7 and 
k = 0 to 10 for carbon- and silicon-nucleus interactions are 
shown in Figs. 5.15 and 5.16. From the figures, it is evident 
that there is no evidence for the occurrence of two-bump 
structure for the two cases. However, Goyal et al[21] have 
obtained very clear evidence for the production of heavy 
clusters in nucleon-nucleon interactions at cosmic ray 
energies ~ 1000 GeV. Recently, Bell et al[22] and Andersson 
et al[23] have reported the production of heavy clusters in 
o< - o< , p-p and d-d interactions at ISR energies. 
U7 
Fig.5.15 Experimental distributions of rapidity intervals 
"ri. with k = 0 to 7 for carbon-emulsion 
interactions. 
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K = 10 
^ " A P ^ r^  
K= 8 
Fig.5.16 Experimental distributions of rapidity Interval '^ rj^  vlth 
k = 0 to 10 for silicon-nucleus interactions. 
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&.6 Conclusions 
From the above detailed investigation concerning the 
features of pseudorapidity and the clusters of particles 
produced in ^^C- and ^^Si-emulsion collisions, the following 
main conclusions can be drawn: 
(1) The shape of 1-spectrum is almost independent of the 
projectile mass. 
(2) The behaviour of the ^-spectra for different effective 
,) 
target thicknesses are in good accord with the predictions 
of the coherent tube model. 
(3) The value of <^> decreases monotonically with increasing 
Ng, Ng and N^. 
(4) The distribution of the rapidity dispersion clearly shows 
the occurrence of clusterization in carbon- and silicon-
nucleus interactions. 
(5) The variation of <D(^)> with the corresponding number of 
the charged shower particles is found to be constant, except, 
in the region of small Ng values. This indicates that a 
large part of the cross-section is contributed by the 
peripheral collisions with one intranuclear nucleon. 
(6) The maximum of the shower width distribution shifts 
towards slightly higher values of R with increasing 
projectile mass. This reveals that the shower particles are 
produced at larger angles as the projectile mass increases. 
(7) Mechanism of multiple production of particles in nucleus-
nucleus and hadron-nucleus interactions are perhaps the same. 
(8) The cluster size is independent of the nature and the 
150 
energy of the projectile. 
(9) The contribution of the short-range correlation is larger 
in comparison to the long-range correlation for both the 
projectiles. 
(10) Two-bump structure has not been observed in both carbon-
and silicon-emulsion interactions which reveals that the 
heavy clusters are not produced in these interactions. 
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